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ABSTRACT OF DISSERTATION
VIRAL RNA ELEMENTS AND HOST GENES AFFECTING RNA
RECOMBINATION IN TOMBUSVIRUSES
Abstract
RNA recombination is a major factor driving viral evolution and contributing to
new disease outbreaks. Therefore, understanding the mechanism of RNA recombination
can help scientists to develop longer lasting antiviral strategies. Tombusviruses are one of
the best model RNA viruses to study RNA virus recombination. My goals were to dissect
the mechanism of tombusviral RNA recombination. To do so, in my thesis, I describe my
results on the roles of (i) the viral replicase and the viral RNA templates; and (ii) the
effect of host factors on tombusvirus recombination events. To study the mechanism of
RNA recombination without the influence of selection pressure on the emerging
recombinants, we developed an in vitro RNA recombination assay based on viral RNA
templates and purified viral replicase preparations. Using this in vitro assay, we
demonstrated that replicase driven template switching is the mechanism of
recombination, whereas RNA ligation seems less likely to be a major mechanism. In
addition, we also studied the role of RNA substrates, in more detail. Our results showed
that viral replicase preferred to use functional RNA domains in the acceptor RNAs over
random switching events. Host factors may also play important roles in RNA
recombination. Using yeast as a model system for studying replication and recombination
of a tombusvirus replicon, we identified 9 host genes affecting tombusvirus RNA
recombination. Separate deletion of five of these genes enhanced generation of novel
viral RNA recombinants. Further studies on one of these genes, XRN1 , a 5’-3’
exoribonuclease, indicated that it might be involved in degradation of tombusvirus
RNAs. Lack of Xrn1p resulted in accumulation of truncated (partially degraded) replicon
RNAs, which became good templates for RNA recombination. To further study Xrn1p,
we overexpressed Xrn4p of Arabidopsis thaliana, a functional analogue of the yeast
Xrn1p, in Nicotiana benthamiana plants. After superinfecting the Xrn4p-overexpressing
N. benthamiana with tombusvirus, truncated tombusvirus genomic and subgenomic
RNA1 were observed. Some of the identified tombusvirus variants were infectious in
protoplasts and could systemically infected N. benthamiana plants. Overall, this is the
first report that a single host gene can affect rapid viral evolution and RNA
recombination.
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CHAPTER I
INTRODUCTION
OVERVIEW OF RNA RECOMBINATION
Rapid evolution of RNA viruses could lead to life-threatening diseases and
economical loss. Mutation, reassortment and recombination are the mechanisms which
drive viral evolution (123). Mutation is known to increase the genome variability of RNA
viruses leading to quasispecies, which provides an adaptable source to the changing
selection pressure. The occurrence of frequent mutations is due to the lack of
proofreading activity of RNA-dependent RNA polymerases (RdRp). The mutation rate of
RNA viruses is about 10-4 per site in average (141), at least 1000 times higher than that of
DNA viruses.
Reassortment of RNA fragments may occur when hosts are infected by two
different multicomponent RNA viruses at the same time. The emergence of new
influenza virus strains resulted from the exchange of genomes between avian and human
influenza viruses possibly in their common hosts, such as pigs. In addition, reassortment
can also generate new pathogenic strains of bean pod mottle virus in soybean (46a).
In contrast to mutation, RNA recombination can provide dramatic changes within
viral genomes. Recombination is a process that joins two noncontiguous RNA fragments
together. This could occur in the same viral RNA genome, among different viral RNAs or
even between viral and host RNAs. Although RNA recombination was first found in
poliovirus more than forty years ago, it was not known as a genetic phenomenon until the
establishment of biochemistry-based approaches for foot-and-mouth disease (FMDV) in
1980s (70). Soon after that, the first case of RNA recombination in plant RNA virus was
found in brome mosaic virus (BMV). BMV is a tripartite RNA virus, which contains
three segmented genomic RNAs. 3’-end deletion of one of the RNAs was repaired by
recombination with one of the other RNAs containing homologous 3’-end sequences
(13). Based on sequence comparison among viruses and molecular studies, increasing
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numbers of RNA recombination events were discovered in different viruses, including
human, animal, plant viruses and phage. Moreover, intraserotypic or intraspecies
recombinations are commonly found in many viral diseases and very often lead to
extension of their host ranges. Recently, interspecies recombination was predicted to be
the cause of host jumping of SARS coronaviruses (139). Viruses also can aquire genes or
sequences from their hosts. While comparing the genomic sequences of bovine viral
diarrhea virus (BVDV) strains, a ubiquitin gene was found to be incorporated into the
genome of the cytopathogenc strain (78). A similar phenomenon was also found in potato
leafroll virus (PLRV). The 5’-end ~120 nts of PLRV-minor species were found to have
high similarity (about 90%) to an exon of tobacco chloroplast DNA, suggesting that RNA
recombination occurs between viral and host RNAs (77). In most of the cases, the
sequences of the recombinants had been further modified to adapt to the environment
after recombination, complicating the understanding of the mechanism of RNA
recombination.
Possible mechanisms of RNA recombination (reviewed by Nagy and Simon, 1997)
There are several models proposed for the mechanism of RNA recombination,
including RNA breakage-ligation, breakage-induced template switching and replicase-
driven template switching model (96).
The breakage-ligation model suggests that RNA recombination occurs due to
ligation of two or more fragments of RNAs after their breakage. This mechanism was
proposed for recombination of Qb phage-associated RNA. It was demonstrated that
altering the 3’-OH of the acceptor RNAs influenced the formation of recombinants. Since
ligation activity requires 3’-OH of the acceptor RNAs, the ligation model was then
proposed (23). However, it is not known whether the altering of 3’-OH could also
influence RNA replication and further reduce the recombination efficiency (96).
The breakage-induced template switching model proposes that the recombination
requires the cleavage of the donor RNAs forcing the viral RdRp to stop nascent stand
RNA synthesis. The cleavage may be caused by exoribonuclease, endoribonuclease or
ribozyme. Overall, the breakage-induced template switching model is combination of the
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template-switching and breakage-ligation models.
So far, most pieces of evidence support the template switching model. The RdRp-
driven template switching model predicts that the viral RdRp falls off from the template
during the nascent strand RNA synthesis; the RdRp then binds to another template or
another region of the same template, and uses the nascent strand RNA as primer and
continues RNA synthesis on the acceptor RNA (Fig.1-1). Therefore, the newly
synthesized RNA contains a recombinant genome.
Based on the precision of the RNA recombination events, Lai (70) classified
recombinants into three types: homologous, non-homologous and aberrant homologous.
However, due to the confusion of the term “homologous” which mostly used in DNAs
coming from a common ancestry and different features between DNA and RNA, Nagy
and Simon further defined RNA recombination based on mechanism of RNA
recombination.  They defined three different classes, which are similarity-essential,
similarity-nonessential and similarity-assisted recombination (96). RNA recombination
between BMV RNA2 and 3 (82) undergoes similarity-essential RNA recombination,
which requires base-pairing between nascent strand and acceptor RNA. Similarity-
nonessential recombination was also observed in BMV. Base-pairing between nascent
and parental RNAs is not required for similarity-nonessential recombination. RdRp
switches to adjacent templates due to secondary structures in the RNA templates.
A good example for similarity-assisted recombination is the satellite RNAs in the
TCV system. In vivo and in vitro recombination studies demonstrated that a short base-
pair sequence as well as a stem-loop structure is required for RNA recombination
between sat-RNA C and D of TCV (97)
Factors influencing RNA recombination
1. RNA primary sequences and secondary structures
 The primary sequences of RNA elements are one of the factors which may
influence RNA recombination. Using BMV as a model system, Nagy and coworkers
demonstrated that the length and position of AU and GC-rich sequences could influence
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the frequency and precision of recombination events (85, 90). Similarly, AU-rich
sequences also enhanced RNA recombination events in tombusviruses (132).
In addition to primary sequence, RNA secondary structures also play an important
role in template switching. Some studies proposed that strong RNA structures may stall
the RdRp during RNA synthesis. In vivo studies in BMV indicated that the formation of a
stable stem-loop structure between two viral RNAs enhanced similarity nonessential
(non-homologous) recombination (32, 87). Highly structured RNA regions were also
rapidly deleted during the replication of DI RNAs associated with tombusviruses (48).
Similar results were obtained in murine coronavirus mouse hepatitis virus (MHV).
Sequence analysis of the recombinants demonstrated that RNA recombination occurred
more frequently at the base of putative highly structured regions. It is possible that the
viral RdRp falls off the template (donor) RNA while encountering strong secondary
structures and binds to a downstream RNA regions and continue the nascent strand
synthesis (125). RNA structure could also play additional roles as demonstrated in in vivo
and in vitro studies in TCV associated satC RNA. These works demonstrated that a
hairpin located in satC RNA is a hotspot for template switching. To maintain the
sequences as well as its structure are important for RNA recombination, possibly by
playing a role in RdRp recruitment (16, 18, 97).
RNA-structure-based recombination was also found in retroviruses (e.g. human
immunodeficiency virus, HIV). C2 region of the envelope glycoprotein, gp120 was found
to be a hotspot for HIV recombination. Further studies indicates that a stem-loop RNA
structure is important for template switching in HIV (39).
Studies with tombusvirus had shown that strong secondary structure in the donor
RNA is a preferred site for recombination; and also sequence homology between donor
and acceptor can shift the junction sites of recombination (154). However, sequence
comparison among the recombinants and the parental RNAs did not find any similar
sequences which can form more than five base-pairs with complementary strand (150).
In vitro studies with BMV and bovine viral diarrhea virus RdRps showed that both
sequence and structure of RNA templates, as well as ribonucleotide availability could
affect the efficiency of template switching (65).
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2. The viral RNA-dependent RNA polymerase
Besides the RNA templates, viral RdRps also play a significant role in RNA
recombination based on the RdRp-driven template switching model. In vivo study of
BMV indicated that mutation in the helicase-like domain of 1a protein of BMV resulted
in altering the distribution of recombination hot spots (89). Further studies on BMV 2a
protein showed that non-homologous recombination was inhibited by single amino acid
mutation in the polymerase domain (33). In tombusvirus, mutations in the RNA binding
motif of p33 or p92 also influence the generation of recombinants (107).
3. Host genes
Many host genes are known to be involved in viral RNA replication. Recently, a
systematic genome-wide screen for host proteins involved in BMV replication, using
yeast as a model system, has been published. About 100 genes were found that either
enhanced or impaired the viral RNA replication to a significant level (69). A similar yeast
deletion library was used for the screening of host factors involved in tombuvirus
replication. Interestingly, different set of host genes was found to be involved in
tombusvirus replication (Panavas et al., in press). Since the RdRp-driven template
switching model suggests that RNA recombination occurs during RNA synthesis, it is
highly likely that host genes also participate in this process. Nevertheless, there is no
known host factor involved in RNA recombination to date.
Tombusviruses
Both Tomato bushy stunt virus (TBSV) and Cucumber necrosis virus (CNV)
belong to the family Tombusviridae and genus Tombusvirus, they form isometric
icosahedral (T=3) virus particles. CNV can be transmitted by fungus Olpidium
bornovanus (56). No vector was found for TBSV, but it can be transmitted by mechanical
transmission, grafting and also by seeds at a low rate. Tombusvirus infected plants
6
generally show stunting, diffuse mottling and malformation of leaves. Tombusviruses are
emerging viruses in California, causing diseases in many vegetables.
Genome organization and protein expression
Tombusviruses are single-stranded positive sense RNA viruses. The tombusvirus
genome is about 4.8 kb in length without 5’ cap or the 3’poly (A) tail. 5’ and 3’ ends of
the genomes contain about 170 and 350 nts untranslated regions (UTR), respectively
(127). The genome of tombusvirus contains five open reading frames (ORFs) (Fig.3-1).
The 5’proximal ORFs are p33 and p92 that directly translated from viral genomic RNA.
p92 is a read-through protein of p33. Both p33 and p92 are required for TBSV replication
(100, 127, 131). The third protein, p41 encodes the coat protein gene and is expressed
from subgenomic RNA1. p22 and p19 are expressed from subgenomic RNA2. They
overlap but are translated from different reading frames. p22 is required for cell-to-cell
movement, whereas p19 is known as the suppressor of gene-silencing (131, 155).
Defective interfering RNAs of tombusviruses
Defective interfering (DI) RNAs of tombusviruses are generated after several
passages in plants using highly concentrated genomic RNAs for inoculation (52). They
consist of three to four non-contiguous RNA regions from the viral genome and do not
encode any essential genes, therefore they depend on their parental virus for replication.
The competition of DI RNA for the replicase results in suppression of genomic RNA
accumulation as well as in the amelioration of virus-induced symptoms (149).
DI RNAs of tombusviruses are excellent tools to study the RNA requirement in
viral replication since they are replicated by the viral replicase. DI RNAs are also useful
to investigate the RNA sequence and/or structure requirements of RNA recombination.
Since TBSV DI RNAs are generated from their parental viral genomic RNAs by RNA
recombination, it is reasonable to assume that DI RNAs contain the RNA sequences or
structures that can recruit the viral RdRp. Therefore, I used DI RNA of TBSV as a
primary tool for RNA recombination studies.
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Research objectives
Dissecting the role of viral RNA elements in RNA recombination
The major objective of my research is to study different factors which may
influence RNA recombination. However, there are several factors we need to consider
while studying RNA recombination. First of all, the recombinants we can characterize are
the ones that survive the selection pressure, such as RNA stability, replication ability as
well as movement ability of viral RNAs. Besides, the methods we choose for the analysis
of the recombinants could also influence what kind of products we are able to detect, e.g.
the probe we use for Northern hybridization or the primers we design for RT-PCR.
Therefore, the best way to study the mechanism of RNA recombination is using an in
vitro system. In vitro assay will allow us to rule out the selection pressure possibly
affecting in vivo assays, and directly detect the recombinants. Therefore, first I developed
an in vitro assay, which allowed us to study different factors affecting RNA
recombination, e.g. viral RNA sequences, RNA structure and protein binding.
After setting up the in vitro assay, first I focused on studying the role of viral RNA
elements in RNA recombination. In 1980, Botstein was the first one who proposed a
model called “modular evolution” (12). Based on this model, viruses can rearrange their
genomes by functional elements.
However, my research was more focused on whether there is any template
preference for viral RdRp during template switching; in another word, viral RdRp may
randomly switch templates or it may prefer some templates rather then others. These
works are presented in Chapter II and III.
Identification of yeast genes affecting RNA recombination (in collaboration with
Elena Serviene and Natalia Shapka)
RNA viruses are intracellular pathogens. Therefore, model eukaryotic hosts, such
as yeast (Saccharomyces cerevisiae), could be useful in studying the role of host genes in
viral replication and recombination. Moreover, yeast was the first eukaryote whose
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genome has been completely sequenced and most of the genes have been identified. In
our lab, Dr. Panavas has developed a tombusvirus replicon based on TBSV DI RNA that
replicated efficiently in yeast (102). Tombusvirus replication in yeast recapitulates most
aspects known in plant protoplasts. The yeast-based assay with tombusvirus replicon
allowed us to use a yeast knock out library (YKO) that contains 4848 nonessential-gene
deletion strains (Open Biosystems). By screening this library, 9 yeast genes were found
to influence tombusvirus RNA recombination (Serviene at al., submitted). One of the
genes, XRN1, was further studied in detail. Three additional genes among those affecting
tombusvirus recombination, CTL1, UBP3 and MET22, are likely function through Xrn1p
either by decreasing its stability or inhibiting its activity, respectively. We investigated
the mechanism of Xrn1p is involved in viral RNA recombination by performing in vitro
and in vivo experiments.
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Figure 1.1 RdRp-driven template-switching model. While synthesizing nascent stand
RNA, viral RdRp pauses on donor RNA template due to RNA structure and/or
sequences; Then RdRp uses nascent stand RNA as primer after binding to another
template or another region of the same RNA. Re-initiation of RNA synthesis on the
acceptor template leads to generation of the recombinant RNA.
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CHAPTER II
MECHANISM OF RNA RECOMBINATION IN CARMO- AND
TOMBUSVIRUSES: EVIDENCE FOR TEMPLATE-SWITCHING BY THE RNA-
DEPENDENT RNA POLYMERASE IN VITRO
(This article is published in Journal of Virology, 2003. Vol. 77 p.12033-12047)
Copyright © 2003, with permission from American Society for Microbiology
INTRODUCTION
Viral RNA recombination, a process that joins together two non-contiguous RNA
segments, is an especially powerful tool in virus evolution since it can rapidly lead to
dramatic changes in virus genomes by recombining or rearranging “battle-tested” (i.e.,
evolutionarily successful) sequences. Accordingly, the significant role of RNA
recombination in emergence of new viruses or virus strains is well documented for
numerous human, animal, plant, insect, fungal and bacterial viruses (4, 8, 26, 38, 42, 47,
51, 70-72, 80, 113, 129, 142, 143, 147, 148, 156). In addition to increasing sequence
variability, RNA recombination can be an efficient tool for viruses to repair viral
genomes, thus contributing to virus fitness (10, 31, 82, 85, 116, 151). In spite of its
significance, our understanding of RNA recombination is incomplete. This is due to the
complex nature of RNA recombination and the lack of tractable systems for mechanistic
studies.
RNA recombination may also play a role in the formation of subviral RNAs that
include defective interfering (DI) RNAs associated with many animal and plant viruses.
DI RNAs are mainly derived from the parent (helper) virus via sequence deletion(s). The
DI RNAs are deficient in replication and/or other functions, which make them dependent
on the helper virus for their survival and spread (111, 150). The best known DI RNAs
among plant viruses are those associated with tombusvirus infections. The tombusvirus
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DI RNAs are mosaic types that have two or three sequence deletions (150), resulting in
80 to 90% reduced genome-size for DI RNAs when compared to the parental virus
genome. Sequence deletions during DI RNA formation are thought to be the consequence
of viral replicase jumping on the templates and the deletions may occur in a step-wise
manner (150, 152).
The most popular model of RNA recombination is the template-switching (copy
choice) mechanism, which predicts that the viral RNA-dependent RNA polymerase
(RdRp) switches templates during complementary RNA synthesis (58, 68, 70, 87, 96).
After the jump from the donor to the acceptor RNA, the RdRp is assumed to continue
RNA synthesis on the acceptor template using the nascent RNA as a primer.
Experimental evidence supporting the template-switching mechanism has been obtained,
for example, with poliovirus, bovine viral diarrhea virus, brome mosaic virus (BMV),
cucumber mosaic virus and bacteriophage Qb (4, 9, 29, 65). In special cases observed
with bacteriophage Qb phage (23, 44), RNA breakage/ligation might also result in
recombination. RNA recombinants generated via template-switching or RNA
breakage/ligation cannot be determined by sequence analysis of recombination sites.
Mechanistic studies with purified protein and RNA components, however, are yielding
valuable insights into the mechanism of RNA recombination (96).
Since the viral RdRp is thought to carry out viral recombination and replication, it
is likely that RNA elements and protein factors involved in replication may also play
roles in recombination. Previous in vivo and in vitro works revealed that replication of
tombusviruses and carmoviruses (which are related viruses) is carried out by the replicase
complex that includes two viral proteins and unknown host factors (131, 134). Functional
replicase complexes have been partially purified from carmo- (136) and tombusvirus
infected plants (91), which can synthesize complementary RNAs on added RNA
templates. A functional viral RdRp has also been obtained after over-expression in E. coli
(115), which showed many of the features described for the plant-purified carmovirus
replicase complex. Important cis-acing elements, including promoters and replication
enhancers, are defined for both viruses in vitro and in vivo (92, 93, 101, 104, 105, 118,
119, 134). Some of these cis-acting elements are shown to constitute recombination hot
spots in vivo (18, 97, 134).
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Previous in vivo RNA recombination studies with carmo- and tombusvirus have
given insights into the mechanism of RNA recombination (18, 97, 153, 154) by
supporting the template-switching (copy choice) mechanism. The evidence includes: (i)
at least one of the RNAs must have a replication signal, such as a promoter, for
recombination to occur frequently (154); (ii) the recombination sites are frequently
located at or close to known cis-acting replication elements, such as replication enhancers
or promoters (18, 97); (iii) mutating these cis-acting replication elements can greatly
affect the frequency of recombination; (iv) the presence of nontemplated nucleotides at
the recombination junction sites (97, 154). Although, based on the above facts, it is easier
to explain recombinant formation by the RdRp-driven template-switching, it is
impossible to fully exclude the RNA ligation mechanism.
In this paper, using an in vitro assay with the recombinant carmovirus RdRp
[turnip crinkle virus (TCV)] and the partially purified tombusvirus RdRp [cucumber
necrosis virus (CNV)] from plants, we demonstrate that template-switching occurs with
high efficiency in case of carmo- and tombusviruses in vitro. Characterization of the
generated RNA recombinants revealed that the viral replication enhancer could promote
template-switching with higher efficiency than artificial sequences in both viral RdRp
assays. Sequencing of the recombinants showed that most events occur at the ends of the
templates, although internal events were also detected. RNA ligation has not been
detected in these in vitro assays. Overall, these data firmly establish novel in vitro RNA
recombination systems for carmo- and tombusviruses that should be useful in dissecting
the factors facilitating viral RNA recombination.
MATERIALS AND METHODS
Recombinant TCV RdRp preparation
The expression and purification of recombinant TCV RdRp was as described before
(115). Briefly, p88C, which contains the C-terminal readthrough portion of the full-length
p88, was expressed as a fusion protein with the maltose-binding protein (MBP) domain in
E. coli Epicurian BL21-CodonPlus (DE3)-RIL (Stratagene). Protein expression was
induced as recommended by the supplier using IPTG. After 8-10 hours induction at 14
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0C, the cells were harvested, collected by centrifugation (5000 rpm for 5 min), re-
suspended and sonicated as recommended by the supplier, except reducing the amount of
NaCl to 25 mM in the column buffer. The samples were then centrifuged again (15000
rpm for 5 min), followed by affinity-based chromatography (amylose column from NEB)
following the supplied procedure. After thorough washing with the column buffer, the
proteins were eluted with maltose-containing column buffer (NEB). All steps were
carried out on ice or in the cold room. The quality of the proteins obtained was checked
by 10% SDS-PAGE analysis (115). The TCV RdRp studies were done with the MBP-
p88C fusion proteins.
Plant inoculation and CNV RdRp preparation
Nicotiana benthamiana plants were inoculated with CNV genomic RNA transcripts
obtained by standard T7 RNA transcription using Sma I linerized clone of
pK2/M5p20STOP for CNV (122). Construct pK2/M5p20STOP that is a full-length T7
RNA polymerase-transcribable cDNA clone of CNV genomic RNA was the generous
gift of D’Ann Rochon. pK2/M5p20STOP contains a mutation within the p20 gene that
eliminates the lethal necrosis induced by the wt CNV in N. benthamiana. CNV RdRp
preparations were obtained from systemically infected leaves as described by Nagy and
Pogany (91).
Preparation of DNA and RNA templates
The DNA templates were generated with PCR using templates and primers listed in
Table 1. The RNA templates were generated from PCR products using in vitro
transcription with T7 polymerase. The obtained RNAs were gel-isolated from 5%
denaturing PAGE to make sure that only the desired products were used for RdRp
reactions (97). Labeling of RNA templates with biotin was done by using T7 RNA
polymerase transcription in the presence of biotin-16-uridine-5'-triphosphate (1:5 ratio of
biotin-16-UTP, Roche, and UTP). The biotinylated RNAs were gel-isolated from 5%
denaturing PAGE. The cPR21 RNA was chemically synthesized (Dharmacon Research).  
RdRp assay
We used 0.5 mg R3(-) RNA for the TCV or CNV RdRp reactions, while the other RNA
templates were adjusted to the same molar amounts as R3(-). The RdRp reactions
contained either 2 ml of recombinant TCV RdRp or 30 ml of CNV RdRp as described
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previously (91, 115). The amounts of ribonucleotides were 0.2 mM (ATP, CTP, GTP) in
the reaction mixture. The RdRp products were phenol/chroloform extracted and analyzed
under complete denaturing conditions (i. e., 5% PAGE containing 40% formamide and
8M urea with the run performed at 70 °C in the Bio-Rad DCode System apparatus).
To study the role of donor and acceptor templates (see Fig 2.4), we modified the
RdRp reaction to include biotin-labeled RNAs, which were produced with T7 RNA
polymerase as described above. Biotinylated RNAs were as good templates as
nonbiotinylated RNAs in primer extension reactions with the TCV RdRp (not shown).
The biotin-labeled RNA templates were incubated for 3 hrs in the RdRp reactions,
followed by the transfer of RdRp products to streptavidin-coated tubes (Roche) in a final
volume of 200 ml (in 1x RdRp buffer). The tubes were incubated at 37 °C for 30 min, and
then we transferred the solution with unbound RNAs to new tubes for isopropanol
precipitation. The tubes were further washed, first with 200 ml of RNase-free water
(incubation at 85 °C for 10 min) and then four times with a washing solution (10 mM
Tris-HCl, pH 7.5, 200 mM LiCl and 1 mM EDTA). Finally, the streptavidin-bound
RNAs were recovered by adding a denaturing buffer (95% formamide and 10 mM
EDTA, pH 8.0) and heating the tube to 85 °C for 5 mins (ref. Dynal, manual on
Dynabeads M-280 streptavidin, pp. 156), followed by rapid transfer of the denaturing
buffer to new tubes and isopropanol precipitation. All the products were analyzed in 5 %
complete denaturing PAGE. Each experiment was repeated three times and the
quantification of gels was done using a Phosphorimager (91).
RT-PCR and sequencing analysis
To detect recombinants in the TCV RdRp assays, the recombinant RNA-containing bands
were cut from denaturing gels and the RNAs were isolated as described earlier (95, 97).
The use of the recombinant-sized, gel isolated RdRp products was expected to eliminate
the possibility of recombination during the RT-PCR analysis. The reverse primer (#P11)
for the reverse transcription (RT) reaction was designed to anneal to the 3’ end of
complementary Mot1/pr sequence, while the forward primer (#251, Table 1) for PCR
hybridized to the AU1/art as shown in Fig 2.3C. This primer set was used to detect
template-switching from AU1/art to Mot1/pr. To detect template-switching from Mot1/pr
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to AU1/art, we used reverse primer #248 (Table 1), which anneals to the 3’ end of
complementary AU1/art sequence for RT and the forward primer (P10, Table 1).
To detect recombinants in the CNV RdRp assays, we cut the gel area above the
visible primer extension products, followed by RNA isolation. The RT reaction included
the reverse primer #23, which anneals to the 3’end of complementary R3(-)/art, while the
PCR reaction also contained the forward primer #251 to detect template-switching from
AU1/art to R3(-)/art. To detect template switch from R3(-)/art to AU1/art, we used
reverse primer #248, which anneals to the 3’ end of the complementary AU1/art sequence
for RT and the forward primer #18 (GTAATACGACTCACTATAGGAGAAAGCGAGT
AAGACAG) for PCR. The obtained RT-PCR products were either gel-isolated or
directly cloned into pGEM-T Easy vector (Promega). A representative number of
independent clones were sequenced using the M13/pUC19 reverse primer (Gibco BRL).
RdRp-ligation assay
First, standard TCV RdRp reactions (including 32P-UTP, see above) were performed with
AU1/art and Mot1/pr templates separately, followed by removal of the free nucleotides
by passing the reaction mixtures through Micro Bio-Spin columns (Bio-Rad). Then the
column-purified 32P-UTP-labeled RdRp products were mixed together (in 1:1 ratio) along
with additional TCV RdRp and three nucleotides (rATP, rCTP and rGTP, in 0.2 mM)
followed by incubation for two hours at 25°C. The RdRp products were then
phenol/chroloform extracted, precipitated and analyzed in 5% complete denaturing
PAGE as described above.
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RESULTS
Rationale: Current models of RNA recombination in carmo- and tombusviruses predict
that the viral RdRp jumps from the donor RNA to the acceptor RNA during viral RNA
synthesis (96, 97, 150). Therefore, we tested the abilities of two viral RdRps, a
recombinant TCV RdRp and the partially purified CNV RdRp to switch templates in
vitro. In these assays, the RdRp first has to initiate RNA synthesis on one of the templates
(donor), followed by elongation and pausing/termination to generate the primer (which is
the nascent strand) that is subsequently used to resume RNA synthesis on the second
(acceptor) template. Since both TCV and CNV RdRps can initiate RNA synthesis on
added templates (either using primer extension or de novo initiation (91, 115), they were
used in combinations with various RNA templates during this work.
Efficient template-switching by the TCV RdRp in vitro. To test template-switching by
the TCV RdRp in vitro, we used a previously characterized truncated version of the TCV
RdRp protein lacking the N-terminal overlapping domain (termed p88C TCV RdRp)
(115). This TCV RdRp protein was over-expressed in E. coli and affinity purified using
an N-terminal MBP tag (115). The purified recombinant TCV RdRp is a highly active
enzyme that can efficiently use various RNA templates in an in vitro assay. The RNA
synthesis is initiated by either de novo initiation or by the more efficient 3’-terminal
(primer) extension on the added RNA templates (115).
For the in vitro template-switching reactions, which contained the purified
recombinant TCV RdRp and 32P-labeled UTP in addition to the unlabeled nucleotides,
we selected four templates that are used with different efficiencies for complementary
RNA synthesis by the recombinant TCV RdRp (Fig 2.1A). One template (i.e., Mot1/pr,
Fig. 1A) contained the TCV satC replication enhancer (termed motif1-hairpin (97, 134),
which was shown to bind to the TCV RdRp with high affinity (94, 95, 97). The Mot1/pr
template is used efficiently by the TCV RdRp for primer extension, which results in a
major product in the RdRp reaction (Fig. 1B, lane 1). Interestingly, using the Mot1/pr
template, the TCV RdRp makes additional products that are longer than the primer
extension product (Fig 2.1C). Based on their predicted sizes, we assumed that these long
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products could be recombinant RNAs. For example, the second most abundant RNA
(marked as homorecombinant in Fig 2.1C) is possibly formed by recombination between
two identical Mot1/pr templates: one template serving as a donor, while the other RNA
serving as an acceptor during the template-switching event. The three additional, longer
RdRp products were estimated to be the result of two to four sequential template-
switching events (depicted as multimeric homorecombinants in Fig 2.1C). As expected,
the amounts of these putative multimeric recombinants decreased as their sizes increased.
These homorecombinants have not been characterized further.
The second template used in this study was construct R3(-), which included the
replication enhancer [termed region III(-), (101, 118, 119)] from a related tombusvirus
(TBSV), which is also an efficient template for the TCV RdRp [lane 2, Fig 2.1B]. The
third construct carried an artificial AU-rich sequence (construct AU1, Fig 2.1A, 10, 38),
which can also be used efficiently by the recombinant TCV RdRp (Fig. 1B, lane 3). Both
R3(-) and AU1 are used for primer extension by the TCV RdRp under the experimental
conditions (reduced nucleotide concentration). Unlike Mot1/pr, R3(-) and AU1 did not
support the accumulation of homorecombinants in detectable amounts (Fig. 1B, lanes 2-
3), suggesting that these templates are either poor donors or poor acceptors. The fourth
template in this study was an artificial GC-rich sequence (termed GC1, Fig 2.1A; (22,
83)), which is a poor template for the TCV RdRp in vitro (Fig 2. 1B, lane 4).
To test if the TCV RdRp can generate RNA recombinants in vitro, we added a
mixture of two templates, such as Mot1/pr and a second template (either R3(-), AU1 or
GC1) to the in vitro TCV RdRp assay. Note that Mot1/pr is a shorter template than the
other RNAs in order to facilitate the discrimination among possible recombinants, which
are formed either between two heterologous templates (called heterorecombinants) or
between two identical templates (homorecombinants). Importantly, the RNA templates
were gel purified prior to the TCV RdRp reaction to make sure that only the expected
RNAs were present during the in vitro reactions. After the RdRp reactions, the products
were separated by polyacrylamide gel electrophoresis performed under fully denaturing
conditions (see Materials and Methods). Long exposure of the gels revealed the
accumulation of novel RdRp products (indicated by stars in Fig 2.1B) that were not
generated in the control RdRp reactions, which contained only single templates. These
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novel RdRp products were easily detected in combination of Mot1/pr and R3(-) (Fig
2.1B, lane 6), and in a lesser amount, in combination of Mot1/pr and AU1 templates (Fig.
1B, lane 7), but they were not detected in case of Mot1/pr and GC1 (Fig 2.1B, lane 8).
Based on the sizes of these novel products, they may be formed by template-switching of
the TCV RdRp from one template to the other during RNA synthesis.
The effect of template and enzyme concentration on template-switching by the TCV
RdRp. The observation that the putative homorecombinants were more abundant than the
putative heterorecombinants suggested that the Mot1/pr RNA might be used more
efficiently than either R3(-) or AU1 RNAs during template-switching events (based on
Fig 2.1B). Therefore, to increase the chance of recombination events that take place
between R3(-) RNA and Mot1/pr RNA, we changed the amounts of Mot1/pr and R3(-)
RNAs in the TCV RdRp reactions. Reduction of the Mot1/pr RNA by 10-fold, while
leaving the amount of R3(-) RNA unchanged, decreased the overall efficiency of
homorecombinant formation by ~95% (Fig 2.2, lanes 3-6). Interestingly, the efficiency of
heterorecombinant formation was reduced to a lesser extent (~70%) than that of
homorecombinant formation (Fig 2.2B, lanes 3-6). In contrast, increasing the amount of
R3(-) RNA in the TCV RdRp reaction by four-fold, while leaving the concentration of
Mot1/pr RNA unchanged, increased the amount of heterorecombinants by ~20% and
decreased the amount of homorecombinants by ~60% (Fig 2.2B, lanes 7-10). Overall, the
observation that the ratio of homorecombinants versus heterorecombinants depends on
the relative concentrations of the two parental RNAs is consistent with their recombinant
nature.
Effect of concentration of the recombinant TCV RdRp on the frequency of
template-switching events was tested by using various amounts of the enzyme in the
RdRp reaction that contained Mot1/pr and AU1 RNAs as templates (not shown). We
found that increasing the amount of the TCV RdRp by 10-fold in the RdRp assay
increased the level of RNA synthesis by 4-fold (not shown). Similarly, we observed that
the amount of recombinants was increased by ~4-fold, but changing the concentration of
the TCV RdRp did not change the ratio of hetero- versus homorecombinants (not shown).
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This suggests that increasing the amount of TCV RdRp in the reaction enhances RNA
synthesis and the frequency of template-switching.
Efficient template-switching by the TCV RdRp on templates with artificial 3’ ends.
To further increase the efficiency of recombination events, we tested the in vitro
recombination activity of the AU1 sequence carrying an artificial 3’ sequence (termed
art5, Fig 2.3A), which is known to increase primer extension (22). Testing the AU1/art
construct alone in the TCV RdRp reaction revealed that it generated homorecombinants
efficiently (lane 1 in Fig 2.3B). This observation confirmed that AU1/art is more efficient
in recombination than AU1, which did not generate homorecombinants in detectable
amount (Fig 2.1B, lane 3). Interestingly, introduction of the artificial art5 sequence at the
3’ end of R3(-) (Fig 2.1A) also increased recombination frequency between identical
R3(-)/art RNAs (not shown). These observations demonstrate that the art5-containing
AU1 and R3(-) RNAs are better templates for recombination studies with the TCV RdRp
than the original R3(-) and AU1 templates (Fig 2.1A).
When construct AU1/art was tested in combination with Mot1/pr RNA (the latter
was applied in reduced concentration to inhibit recombination between two identical
Mot1/pr RNAs, lane 2, Fig 2.3B), then we observed the generation of both
homorecombinants (between two identical AU1/art RNAs) and heterorecombinants (lane
3 in Fig 2.3B). To demonstrate that the sizes of the heterorecombinants depend on the
two parent templates, we changed the size of Mot1/pr by deleting 10 nucleotides from the
3’ end (construct Mot1/prD10) and used it together with AU1/art RNA in the TCV RdRp
reaction. As expected, the novel heterorecombinants became slightly smaller than that
obtained with the longer Mot1/pr RNA (compare lanes 3 and 5 in Fig 2.3B). Since the
putative heterorecombinants were only observed in the two template-containing TCV
RdRp reactions, this observation further supports that their formation depends on
template-switching events.
Determination of junction sites in the recombinant RNAs. To obtain evidence that the
heterorecombinants are indeed formed between the two templates during the in vitro
RdRp reaction, we isolated the putative heterorecombinant products from denaturing
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gels, followed by RT-PCR analysis, cloning and sequencing (Fig 2.3C). Two sets of
primers for RT-PCR were designed to detect either AU1/art to Mot1/pr or Mot1/pr to
AU1/art template switches as shown schematically in Fig 2.3C. The expected
recombinant-sized RT-PCR products were detected for both combinations of primer pairs
(top and bottom gels in Fig 2.3D, lane 3; recombinant-sized products are marked with
asterisks), suggesting that both templates served as donors as well as acceptors during the
template-switching events. To exclude that the obtained RT-PCR products are artifacts of
RT-PCR amplification, we performed the following three control reactions. The first two
sets of control RT-PCR reactions included RdRp samples obtained with single templates
(AU1/art or Mot1/pr alone, lanes 1 and 2, Fig 2.3D). To obtain these control samples, the
RdRp products from the single template-containing RdRp reactions were run on the same
denaturing gels as the double template-containing samples. The corresponding areas of
the gel, which contained the heterorecombinants in the double template-containing
samples (Fig 2.3B, lane 3), were cut in case of single template-containing samples (Fig.
2.3B, lanes 1-2) and the RdRp products were recovered from the gel. The obtained RdRp
products were then used in RT-PCR reactions using the same primer sets as shown in Fig.
2.3D. For the third control reaction, we mixed the above gel-isolated RdRp products from
single template-containing RdRp reactions (lanes 1 and 2, Fig 2.3D) prior to the RT-PCR
reaction. Yet, no RT-PCR products similar to the heterorecombinants were observed in
these control experiments (lane 1+2, Fig 2.3D). Overall, the lack of recombinant-sized
RT-PCR products in the control experiments makes it unlikely that RT-PCR was
responsible for the generation of the heterorecombinants observed in mixed template
RdRp assays (lane 3, Fig 2.3D).
Sequencing of the cloned RT-PCR products of the heterorecombinants
demonstrated that most of the recombinants (73%) were the result of end-to-end
template-switching (Fig 2.3E). The remaining portion of the recombinants was due to end
to internal or internal to end switches. The recombinants also contained non-templated
nucleotides at the junctions (not shown).
We also RT-PCR amplified (not shown), cloned and sequenced gel-isolated
homorecombinants generated with the AU1/art construct in the TCV RdRp reaction (Fig
2.3B, lane 1). Similar to the heterorecombinants, most of the homorecombinants also
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contained extra nucleotides at the junction sites and were the result of end-to-end
template-switching (Fig 2.3F). The overall similarity between the homo- and
heterorecombinants suggests that they were generated by the same template-switching
mechanism.
Selection of the donor versus the acceptor RNAs by the recombinant TCV RdRp
during in vitro template-switching events. The RT-PCR analysis of heterorecombinants
(Fig 2.3) indicated that both Mot1/pr and AU1/art RNAs could serve as donors as well as
acceptors during the template-switching events. To test quantitatively which of the two
RNAs are favored to serve more frequently as donors during the template-switching
events, we have developed a method to purify the recombinant RNAs based on labeling
the donor templates with biotin prior to the RdRp reaction. This method is based on the
fact that RNA synthesis is initiated by the recombinant TCV RdRp via primer extension
(Fig 2.1, (115). Thus, the recombinant RNA is expected to be linked covalently to the
donor template, but not to the acceptor template, as shown schematically in Fig. 4A. In
addition, the RdRp products were labeled with 32P-labeled UTP during the RdRp
reactions. After the RdRp reaction, the biotin-labeled RdRp products were isolated using
streptavidin-coated tubes (see Materials and Methods). As schematically shown in Fig
2.4A, when one of the templates is biotin-labeled, then those recombinants should be
detected after streptavidin-based purification step that are formed using the biotin-labeled
template as the donor RNA (see Fig 2.4A). In contrast, those recombinants that were
obtained with nonbiotinylated donor RNA should not be detected after streptavidin-based
purification (Fig 2.4A, right panel). When both templates are biotin-labeled, then we
should detect both types of recombinants (we call this total recombination).
Based on the above strategy to capture biotinylated recombinant RNAs, we
compared donor versus acceptor RNA selection by the recombinant TCV RdRp. These
studies revealed that the designed biotin/streptavidin-based purification (Fig 2.4A) indeed
led to the recovery of primer extension and homorecombination products in single
template-containing samples (lanes 1-2, Fig 2.4B). The two template-containing RdRp
reactions also resulted in heterorecombinant-sized products after the biotin/streptavidin-
based purification step (lanes 3-8, Fig 2.4B). Comparison of the amounts of
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heterorecombinants obtained with doubly biotin-labeled templates (100%, total
recombination, lane 3) and singly labeled templates revealed that the AU1/art RNA (lane
4, Fig 2.4B) was used as a donor in ~60%, while Mot1/pr RNA (lane 5, Fig 2.4B) was
used as a donor in ~40% of total heterorecombinants (lane 3, Fig 2.4B) under the
conditions used (i.e., reduced concentration of Mot1/pr to favor heterorecombination, see
Fig 2.2).
The observation that the sum of recombination with single biotin-labeled templates
(60% and 40% of recombination frequency, lanes 4-5, Fig 2.4B) is comparable with the
amount of recombinants obtained with the doubly biotin-labeled templates (100% in lane
3), suggests the radioactive bands in Fig 2.4B are not derived from contamination left
behind due to incomplete washing of the tubes after binding of the biotin to streptavidin.
Another piece of evidence against possible contamination is the loss of the abundant
primer extension product obtained from the nonbiotin-labeled AU1/art template (lane 5,
in Fig 2.4B). In contrast, the band representing the heterorecombinant formed between
AU1/art and Mot1/pr (biotin labeled) was easily detectable after the purification step
(lane 4). In addition, longer run of the heterorecombinants in denaturing gels revealed
that the heterorecombinants recovered after the biotin/streptavidin-based purification
were different in size depending on the donor RNA (see the slight difference in migration
of the heterorecombinants after purification, right panel in Fig 2.4B, lanes 4-5). This is
consistent with the difference in size between the two templates (note that the donor
sequence is represented twice in the recombinants due to primer extension, Fig 2.4A).
The last piece of evidence against the role of contamination was obtained with a construct
(GC1/art, Fig 2.4C) that contains a GC-rich hairpin (shaded in Fig 2.1A) in place of the
AU-rich hairpin in AU1/art (Fig 2.3A). The remaining sequences were the same in
AU1/art and GC1/art (Fig 2.3A). The use of Mot1/pr in combination with the GC1/art
RNA resulted in small amount of heterorecombinants (five-fold less than that observed
with AU1/art, not shown) when both Mot1/pr and GC1/art RNAs were biotin-labeled
(i.e., total amount of heterorecombinants, Fig 2.4C, lane 2). When GC1/art was the only
biotin-labeled RNA in the RdRp reaction, then we could not detect heterorecombinants
after purification. This suggests that GC1/art RNA is not used as a donor RNA by the
recombinant TCV RdRp at a detectable level under the experimental conditions used. In
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contrast, biotin labeling of Mot1/pr RNA resulted in as much heterorecombinants (lane 4,
Fig 2.4C) as that shown for the total heterorecombinants (lane 2), suggesting that the
donor RNA was Mot1/pr in ~100% of template-switching events (Fig 2.4C), while the
GC1/art RNA was used, albeit inefficiently, only as an acceptor RNA during the
template-switching events. A more detailed analysis of the role of various sequences will
be the scope of future work. Importantly, the lack of heterorecombinants in the sample
containing biotin-labeled GC1/art and unlabeled Mot1/pr after the purification excludes
the possibility of contamination with the nonbiotin-labeled heterorecombinant formed
between Mot1/pr (donor) and GC1/art (acceptor) in the same RdRp reaction (see the
scheme in Fig 2.4A). Based on the above observations, we conclude that the developed
biotin/streptavidin-based purification is suitable for selective purification of
heterorecombinants that share the same donor template.
To test what factors, in addition to the previously tested template concentration
effect (Fig 2.2), might influence the selection of templates as donors, we pre-incubated
the biotinylated AU1/art RNA with the recombinant TCV RdRp in the presence of only
three nucleotides (ATP, CTP and GTP) for 10 min. This step was expected to allow the
RdRp to bind to the AU1/art template, thus possibly increasing its chance of being used
as a donor RNA. After the pre-incubation step, the Mot1/pr template was added to the
RdRp reaction together with the missing nucleotide, followed by incubation to allow the
RdRp to finish RNA synthesis and to switch template. As expected, the above conditions
increased the use of the AU1/art template as donor by 30% (lanes 6-7, Fig 2.4B) when
compared to the above experiments in which the two templates were added and incubated
simultaneously in the RdRp assay (lanes 3-5, Fig 2.4B). Pre-incubation of the RdRp
reaction with unlabeled AU1/art under the same conditions, followed by addition of
biotin labeled Mot1/pr RNA resulted in reduction of the use of Mot1/pr to 20% as a
donor in the template-switching reactions (lane 8, Fig 2.4B). This observation confirmed
that pre-incubation of the RdRp with a template could enhance the chance for that
template to serve as a donor during the template-switching events.
Evidence supporting template-switching, and excluding RNA ligation as the
mechanism of recombinant formation in vitro. The above experiments indicated that
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the likely mechanism of recombinant formation in vitro is the RdRp-driven template-
switching (copy choice) mechanism. In contrast, the simple RNA breakage/ligation
model (ref. 11, Fig 2.5A), which involves breakage/ligation of the input single-stranded
templates prior to complementary RNA synthesis by the viral RdRp, is unlikely to
contribute to the formation of RNA recombinants. This is because this type of RNA
breakage/ligation would lead to the generation of recombinant templates, which results in
RdRp products that are close to double and/or four-times the size of the input templates
(depending on de novo or primer-extension mode of initiation by the RdRp) (Fig 2.5A,
model A1). However, we have not detected these recombinant RNAs in the above
experiments (Figs 2.1-4 and not shown). Instead, the observed recombinant RNAs were
approximately 3 times larger than the original templates (Fig 2.3C and E). Therefore, it is
unlikely that this simple RNA breakage/ligation (occurring prior to RNA synthesis)
mechanism would contribute significantly to recombinant RNA formation in vitro.
A more complex RNA breakage/ligation model (model A2, Fig 2.5A), however,
cannot be ruled out without further experiments. For example, the RNA breakage/ligation
might occur after the RNA synthesis being completed by the RdRp. In this model, the
RdRp first performs RNA synthesis on the two templates independently and
simultaneously. After termination of RNA synthesis by the RdRp, a putative RNA ligase
might ligate the strands of the RdRp products to generate recombinants. If the two newly
synthesized RNA strands were ligated together (as shown schematically in Fig 2.5A,
model A2), then RNA ligation would lead to recombinants that are similar to those
described in Figs 2.1-4.
To test if the above RNA breakage/ligation mechanism (model A2, Fig 2.5A)
could generate recombinants in our RdRp assay, first we made two independent TCV
RdRp reactions, each reaction containing only one template (see Fig 2.5B for schematic
description of the assay). This allowed for the 32P-labeling of the RdRp products, but
excluded the possibility of RNA recombination (i.e., formation of heterorecombinants).
After the separate RdRp reactions were completed, we removed the nucleotides by
pushing the RdRp products through size-exclusion columns. Then, we mixed the 32P-
labeled RdRp products from the two RdRp reactions, and added the recombinant TCV
RdRp, the reaction buffer, and three of the four ribonucleotides (see Materials and
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Methods). The idea is that RNA ligation, which might be mediated by either a
contaminating ligase or the RdRp itself, should be possible under these conditions, while
extensive RNA synthesis and template-switching by the RdRp should not be possible due
to the absence of a ribonucleotide. These RNA ligation experiments failed to detect RNA
recombinants (i.e., heterorecombinants), while the expected recombinants were readily
detected in the control RdRp reactions that contained both Mot1/pr and AU1 templates
simultaneously in the presence of all four ribonucleotides (compare lanes 1-3 versus 4,
Fig 2.5C). Based on these data, we conclude that the RNA breakage/ligation mechanism
is unlikely to contribute to the formation of recombinants observed in vitro under the
conditions used.
RNA recombination driven by the CNV RdRp purified from plants. To obtain
evidence that the CNV RdRp is capable of template-switching in vitro, we used a
partially purified CNV RdRp preparation obtained from plants. This preparation contains
both the RdRp protein (i.e., p92) and the small replicase protein, p33 (Pogany and Nagy,
unpublished). The above CNV RdRp is a functional polymerase under the same
conditions as the recombinant TCV RdRp (91, 115).
To test template-switching by the CNV RdRp, we selected templates that we have
used in the above recombination assays with the recombinant TCV RdRp. Namely,
constructs AU1/art (Fig 2.3A) and R3(-)/art that contains the tombusvirus-derived
replication enhancer (101, 119) and the artificial art5 sequence (Fig 2.3A and ref. (22)),
which promotes efficient primer extension in vitro (22). We found that CNV RdRp
reactions containing standard or reduced amounts of ribonucleotides and the two
templates did not result in heterorecombinant-sized RNAs at detectable levels (not
shown), while the primer extension products were easily detectable (22). Similarly,
denaturing gel analysis of single template containing CNV RdRp reactions did not reveal
formation of homorecombinants in detectable amount (not shown and ref. (22)). This
suggests that recombinant formation with the CNV RdRp is inefficient with these two
templates under the conditions used. However, RT-PCR analysis of the gel-isolated
RdRp products obtained from the portion of denaturing gels that contained
heterorecombinants in the TCV RdRp reactions revealed recombinant-sized products
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only from CNV RdRp reactions that contained both templates (products marked with
asterisks, lane 3 in Fig 2.6A). Interestingly, the recombinant RT-PCR products were
observed only with the primer set that detects AU1/art to R3(-)/art recombinants (top gel
in Fig 2.6A). We suggest that the recombinants were generated by the CNV RdRp, since
mixing the gel-isolated CNV RdRp products from single template containing reactions
did not result in recombinant-sized RT-PCR products (lane 4 in Fig. 6A). This excludes
the possibility that RT-PCR was responsible for generating the recombinant-sized
products.
Cloning and sequencing of the RT-PCR products obtained from the above CNV
RdRp reactions (lane 3, Fig 2.6A) revealed that the CNV RdRp frequently generates end-
to-end recombinants (6 out of 15). In addition, we also observed that template-switching
to internal locations is also common with the CNV RdRp (Fig 2.6B).
Since the CNV RdRp obtained from plants is capable of efficient de novo initiation
(91, 104, 105), we also tested RNA recombination with templates that promote de novo
initiation. The two templates chosen were (i) construct R3(-) (Fig 2.1A) with the region
III(-) replication enhancer sequence and a minimal tombusvirus promoter (cPR11, (104);
and (ii) the 21 nt long cPR21, which contains the tombusvirus extended complementary
(plus-strand initiation) promoter sequence (104). Both templates were capable of
supporting de novo initiation by the CNV RdRp as shown in Fig 2.7 (lanes 1-2). The
presence of both templates in the CNV RdRp reaction, however, resulted in the
appearance of a novel, recombinant-sized band (marked with an asterisk in lane 3, Fig
2.7). Increasing the amounts of R3(-) (lanes 3-5) and cPR21 (lanes 6-8 in Fig 2.7)
separately in the CNV RdRp reactions increased the amounts of recombinant-sized RdRp
products, indicating the recombination events are dependent on the concentration of the
templates in the reaction mixture. Testing an additional template, namely GC1 (Fig
2.1A), which is similar to the AU1 template except containing a GC-rich hairpin, in
combination with cPR21 revealed that GC1 is a poor template for recombination (lanes
9-11, Fig 2.7), even in high concentrations. This suggests that the CNV RdRp has the
ability to select among the templates during the template-switching events (compare Figs.
2.6 and 2.7). RT-PCR analysis of the recombinants from the above experiments (Fig.2.7)
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failed in spite of our extensive efforts, probably due to the difficulty in annealing the
primer complementary to the cPR21 sequence in the recombinants.
DISCUSSION
Development of efficient recombination assays with the recombinant TCV RdRp
and the plant-purified CNV RdRp extends previous in vitro works that were based on
primer extension on templates (22, 94, 95, 97). The previous primer extension studies
contributed to our understanding of the so called late steps in recombination (96), which
might be similar to the recombination steps occurring during and/or after template-
switching, such as binding of the RdRp to the acceptor template and initiation
(resumption) of RNA synthesis on the acceptor template via using a primer. In contrast,
the recombinant assays presented in this work also included the donor as well as the
acceptor RNAs. This made the current recombination assays more complex than the
previous primer extension assay, since the current tests also include initiation (via either
primer extension or de novo), elongation, pausing/termination and template switching
(96). Nevertheless, we observed many similarities among the results. For example,
templates containing the replication enhancers were the best templates, while an AU-rich
sequence was better template than a GC-rich sequence in both primer extension and
template-switching reactions (22). In addition, the recombinants isolated in this work
(Figs 2.3 and 2.6) did not contain extensive sequence similarities at the junction sites and
the primer extension studies revealed that the TCV and CNV RdRps can extend on
primers with no or only limited base-pairing between the primer sequence the acceptor
template (22, 94, 95, 97, 134, 150).
Template-switching mechanism of recombination versus RNA breakage/ ligation.
Previous in vitro primer extension studies with partially-purified TCV and CNV RdRp
preparations supported the template-switching mechanism of RNA recombination for
these viruses (22, 94, 95, 97). In this work, we provide further evidence for supporting
the template-switching mechanism, while our data does not support the role of RNA
breakage/ligation mechanism in the recombination events in vitro. For example, a simple
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RNA breakage/ligation mechanism, which might occur between the input templates prior
to RNA synthesis by the RdRp, would generate recombinants that are different in size
and sequence from those observed in this work in vitro (Fig 2.5A, model A1). Moreover,
we found no evidence that a more complex version of RNA breakage/ligation
mechanism, which would occur after the RNA synthesis was accomplished by the RdRp
(Fig 2.5A, model A2), could lead to the expected recombinants obtained under
conditions, which should favor ligation, but interfere with template-switching (Fig 2.5).
Although we cannot completely rule out the contribution of RNA breakage/ligation to
recombination events, we propose that template-switching by the TCV and CNV RdRps
is the mechanism leading to recombinant formation.
Similarities between in vivo and in vitro recombination experiments. Although the
above experiments with the recombinant TCV RdRp strongly supported the template-
switching model, it is important to analyze if similar mechanism might also operate in
vivo. This possibility is supported by the following observations: (i) the replication
enhancer containing RNA templates are more efficient in the in vitro template-switching
reactions for both the TCV RdRp (i.e., the motif1-hairpin in Mot1/pr, Fig 2.1B) and the
CNV RdRp (region III(-) sequence in R3(-), Fig 2.7) than other templates lacking the
replication enhancers. Accordingly, the motif1-hairpin replication enhancer was also
found to facilitate RNA recombination in vivo between two satellite RNAs associated
with TCV (18) and region III sequence constitute recombination hot spot in TBSV-
associated DI RNAs in plant protoplasts (Panaviene and Nagy, unpublished). (ii) RNA
recombinants with junctions at the end or near to the end of the templates are frequently
isolated both in vitro (Figs 2.3 and 2.6) and in vivo in case of subviral RNAs that are
associated with carmo- and tombusvirus infections (16, 18, 35, 154). (iii) The
recombination sites can include internal positions in the templates (18, 154). (iv) There is
no absolute need for the presence of sequence identity/similarity between the templates
for RNA recombination to occur in vitro or in vivo (true for both carmo- or
tombusviruses) (96). (v) The recombination sites frequently contain extra, nontemplated
nucleotides in in vitro and in vivo recombinants (16, 18, 154). These common features
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support the model that RNA recombination events are mediated by the same RdRp-
driven template-switching mechanism both in vivo (18, 154) and in vitro (this work).
Differences between in vivo and in vitro recombination experiments. In spite of the
similar observations, there are also notable differences between the in vitro and in vivo
conditions and the obtained data. These include the following: First, the motif1-hairpin
replication enhancer of satC (a chimeric satellite RNA associated with TCV) is proposed
to serve primarily as an acceptor in recombination in vivo (18), while templates
containing the motif1-hairpin replication enhancer (construct Mot1/pr, Fig 2.1) can be
used both as a donor and an acceptor in the in vitro assay (Fig. 4). This difference in
template use in recombination may come from the differences in the conditions between
the in vivo and in vitro assays. For example, in the in vitro assay, the templates were
added at the same time (Fig 2.1) that could favor the binding of template containing the
motif1-hairpin replication enhancer to the TCV RdRp when compared with other
templates that bind less efficiently than the motif1-hairpin replication enhancer (18, 94,
95, 97). Therefore, it is likely that the TCV RdRp frequently has the opportunity to use
the motif1-hairpin replication enhancer-containing template as a donor in vitro. It is not
surprising that the motif1-hairpin replication enhancer can also facilitate the use of the
template as an acceptor, since the motif1-hairpin may facilitate the efficient binding to
the TCV RdRp (that possibly carries the primer) during the “jumping events”. On the
contrary, the in vivo recombination assay was based on recombination that included a
mutated satC RNA, which did not replicate at a detectable level (16, 18). In contrast, the
donor RNA was an efficiently replicating satD RNA (another satellite RNA that is related
to the 5’ half of the satC genome) (18). Therefore, the more abundant satD RNA might
have better chance to bind to the TCV RdRp to serve as a donor than the mutated low-
abundant satC. Accordingly, we found that pre-incubation of the less efficient AU1/art
template with the recombinant TCV RdRp or reduction of the amount of Mot1/pr (the
motif1 hairpin containing template), which facilitated the binding of AU1 to the RdRp
prior to the addition of the more efficient Mot1/pr template, enhanced the use of AU1/art
as a donor RNA (Figs 2.2 and 2.4B).
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The second difference between the in vivo and in vitro recombination assays is that
we have used shorter templates in vitro than those used in vivo, which were full-length or
close to full-length sized. The use of long templates would reduce the sensitivity of the in
vitro assay and decreasing resolution of the RdRp products in gels, while our goal was to
visualize the recombination products directly in the gels (Figs 2.1 and 2.7). The
advantage of direct visualization of recombinant products in the gels is that it allows for
isolation of the RdRp products from the gel prior to their analysis with RT-PCR. This
approach prevented the generation of RT-PCR artifacts (Fig 2.3). It is likely that long
templates could be used for RNA recombination by the carmo- and tombusvirus RdRps
in vitro, generating recombinants that are basically similar to the recombinants obtained
in this work. Indeed, recombinants with full-length poliovirus RNAs were obtained in
vitro, although RT-PCR was needed to detect these recombinants (146). It is also
interesting to note that Kim and Kao (65) observed the highest frequency of template-
switching when using short RNA templates of 8 to 15 nt in length. The reason for the
enhanced template-switching activity of the RdRp on short templates is that the RdRp is
operating in “initiation mode” on the short templates (61). In contrast, the longer than 15
nt templates used in this work should favor the RdRp carrying out most of the RNA
synthesis in “elongation mode” that is a significantly more stable association between the
template and the RdRp (61). This is possibly the reason that we observed multimeric
recombinants with lower frequencies than that described for the RdRp of bovine viral
diarrhea virus (65). It is also highly likely that different viral RdRps may support
template-switching with different efficiencies as demonstrated for the BMV and
cucumber mosaic virus RdRps in vitro (29, 33, 65, 89).
The third difference between the in vitro and in vivo assays is that RNA
transcription was initiated by primer extension on the templates in our in vitro
recombinant TCV RdRp assay (Fig 2.1). In contrast, initiation of RNA synthesis occurs
de novo (without a primer) in the TCV-infected plants. However, the difference in the
mode of initiation should not affect the actual mechanism of template-switching since the
RdRp is predicted to jump template not during initiation, but rather during elongation or
during pausing/termination (96). Irrespective of the mode of initiation, the RdRp should
use the primer derived from transcription on the donor RNA for resuming synthesis on
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the acceptor RNA. Accordingly, we observed that the CNV RdRp generated RNA
recombinants regardless of the mode of initiation (i.e., primer extension in Fig 2.6 and de
novo  initiation in Fig 2.7). The major effect of the mode of initiation on RNA
recombination is predicted to be indirect and it would affect the actual frequency of the
template-switching events. For example, efficient RNA initiation is expected to lead to
the generation of ample primers (nascent RNA products), while inefficient initiation
should lead to low amount of primer. Higher amount of primers is predicted to increase
the chance, thus the frequency of recombination events. Indeed, the CNV RdRp, which
favors de novo initiation over primer extension, supported generation of recombinants
more efficiently when promoter sequences (to promote de novo initiation) were present in
the templates than in the presence of self-priming sequences in the templates (compare
Fig 2.6 and Fig 2.7). The opposite is true for the recombinant TCV RdRp, which favors
primer extension even in the presence of promoter sequences (Fig 2.1). Based on these
observations, we suggest that the primary effect of initiation is on the amount of putative
primers generated. We cannot completely exclude other alternatives models, such as the
absence of additional factors in our in vitro assays that might affect the precision of RNA
synthesis in vivo.
The fourth major difference between the in vitro and in vivo recombination
experiments is the existence of post-recombinational selection in the in vivo systems.
This model of selection for the best-fit recombinants predicts that the best-adapted (the
most efficiently replicating) recombinants will be overrepresented in the recombination
pool, since they will be amplified to greater extent than the poorly-adapted recombinants.
Competition among different recombinants is indeed a major factor, which affects
interpretation of in vivo results, as demonstrated for tombusviruses, BMV and
coronaviruses (6, 84, 151, 153). It is important to note that the effect of the selection
pressure on recombinant accumulation can be highly variable from one viral or host
systems to another, as demonstrated for TCV-associated satellite RNAs, which showed
remarkable variations among the recombinants recovered from plants (16). In contrast to
the possible major effect of selection pressure on recombinant RNA accumulation in
vivo, the role of selection pressure in the in vitro RdRp assays is predicted to be
insignificant. This is because the detected recombinant RNAs in the gels are expected to
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be the original recombinant RNAs (we do not have evidence supporting
postrecombinational replication in vitro, data not shown). Therefore, we believe that the
in vitro generated recombinants might represent the recombination pool fairly. This is
expected to be a major advantage for studying the mechanism of RNA recombination in
vitro (57, 65).
In summary, our results firmly establish the carmo- and tombusvirus
recombination assays for in vitro analysis of recombinants. This will help future studies
on dissecting RNA elements and protein factors, which could affect recombination events
in these viruses.
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Table 2-1. Constructs and primers used for PCR reactions.
Constructs Template Primers sequence of primer
Mot1/pr TCV satC P10 GGGATAACTAAGGGTTTCATACGTTACTA
CATCCCAGACCCT
P11 TAATACGACTCACTATAGGGCTGCCGCCG
TTTTTGG
Mot1d10/pr TCV satC P12 AAGGGTTTCATACGTTACTACATCCC
P10 TAATACGACTCACTATAGGGCTGCCGCCG
TTTTTGG
R3(-)/pr11 DI-72 23 GTAATACGACTCACTATAGGGACCCAACA
AGAGTAACCTG
253 TTGGAAATTCTCCTTAGCGAGTAAGACAG
ACTC
AU1/pr11 PN-
R’+AU1
248 GTAATACGACTCACTATAGGAGACCCTGT
CCAGGTAG
251 TTGGAAATTCTCCTTGTGCTCGAGTTGGAT
CC
GC1/pr11 PN-GC1 248 GTAATACGACTCACTATAGGAGACCCTGT
CCAGGTAG
251 TTGGAAATTCTCCTTGTGCTCGAGTTGGAT
CC
R3(-)/art DI-72 116 GTAATACGACTCACTATAGGACACCTAAC
TTTCGT
112 TCGTCTTATTGGACGAGATAGTCACTTGA
CTAC
AU1/art PN-
R’+AU1
248 GTAATACGACTCACTATAGGAGACCCTGT
CCAGGTAG
249 TCGTCTTATTGGACGAGTGCTCGAGTTGG
ATCC
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Figure 2.1 Template-switching by the recombinant TCV RdRp in vitro. (A) Sequences
and structures of RNA templates used in the TCV RdRp reactions. Construct Mot1/pr
contains the minus-stranded motif1 replication enhancer (shown as the hairpin structure,
(97) and the 3’ terminal plus-strand initiation sequence (boxed with dotted line) of TCV
satC. Construct R3(-) contains the minus-stranded replication enhancer (101) and the
minus-stranded 3’-terminal cPR11 promoter of the related TBSV (boxed, ref. (104)).
Construct AU1 contains an artificial AU-rich sequence (encircled in gray box, ref. (22)),
while the same-sized construct GC1 carries an artificial GC-rich sequence (shaded area,
ref. (22)). In addition, constructs AU1 and GC1 contain the same 5’ and 3’ sequences
(cPR11 is boxed), thus these constructs are different only in the shaded regions. Note that
the GC and AU regions differ not only in their sequences, but also in the strength of the
hairpin structures that could potentially influence intiation and/or recombination. (B)
Detection of recombinants in an in vitro TCV RdRp assay. RNA templates were used in
equal amounts (15 pmol/reaction) under the conditions described in the Materials and
Methods. The RdRp products synthesized by in vitro transcription with the recombinant
TCV RdRp were analyzed in a fully denaturing gel. The names of the RNA constructs
used in the TCV RdRp reactions are shown above the lanes. The positions of
heterorecombinants are marked with asterisks. Note that the combination of R3(-) and
Mot1/pr resulted in a two heterorecombinants (double band). The homorecombinants
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derived from Mot1/pr template are also marked. Note that under the conditions used
(reduced nucleotide concentration), the recombinant TCV RdRp performs 3’-terminal
(primer) extensions for all four templates at various efficiencies. (C) TCV RdRp products
obtained with the Mot1/pr template. The molecular size markers, which were obtained
with T7 transcription, are shown on the left.
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Figure 2.2 Effect of template concentrations on recombinant formation. (A) All in vitro
TCV RdRp reactions were done as described in the legend to Fig 2.1. Samples in lanes 1
and 2 contained single templates, while the RdRp reactions included two templates in
lanes 3 to 10 as shown. The amount of templates used in the RdRp reactions was as
follows: 0.5 mg of R3(-) in lanes 3-6, while the relative molar ratios between R3(-) and
Mot1/pr were 1:1, 1:0.7, 1:0.3 and 1:0.1. The samples in lanes 7-10 contained 0.5 mg of
Mot1/pr, while the relative molar ratios between Mot1/pr and R3(-) were 1:1.5, 1:2, 1:3
and 1:4, respectively.  (B) The relative amounts of heterorecombinants and
homorecombinants based on quantification of three independent experiments (such as
shown in panel A) are shown. The relative amounts of heterorecombinants and
homorecombinants are shown in percentage in comparison with the amounts of
heterorecombinants and homorecombinants obtained with R3(-) and Mot1/pr (template
ratio of 1:1 in lane 3 was chosen as 100%).
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Figure 2.3 Increasing the efficiency of hererorecombinant formation by TCV RdRp. (A)
A 5-base pair primer sequence (named art5, encircled with dotted line) was used to
replace the cPR11 sequence at the 3’ end of AU1 (Fig 2.1) to increase the efficiency of
primer extension by the TCV RdRp (22). (B) Denaturing gel analysis of the TCV RdRp
products. The positions of the primer extension products, the putative homo- and
heterorecombinants are marked on the right. The amount of Mot1/pr RNA was reduced to
0.1 mg to inhibit homorecombinant formation (Fig 2.2). Construct Mot1/prD10 is derived
from Mot1/pr (Fig 2.1) by deletion of 10 nt from the 3’ end. (C) Schematic representation
of the strategy used for the RT-PCR analysis of the heterorecombinants (see also panel
D). Two different sets of primers were used to detect the heterorecombinants formed
(depending on which template was used as a donor during the recombination events).
Note that the dotted lines represent the newly synthesized RNA strands, which are
complementary to the original templates (as indicated by letter “c” in front of the names
of the RNAs). (D) RT-PCR analysis of the putative recombinants. After the TCV RdRp
reactions, the RdRp products migrating slower than the primer extension products were
gel-isolated and used for RT-PCR. The band representing heterorecombinants (lane 3) is
marked with an asterisk. (E) Sequence analysis of the junction sites in the
heterorecombinants. After the RT-PCR analysis, the bands representing the
heterorecombinants were gel isolated, cloned in E. coli and a representative number of
clones was sequenced. Arrows indicate the template-switching by the recombinant TCV
RdRp from the donor template (top) to the acceptor template (bottom). The frequencies
of clones with identical sequences are indicated by numbers next to the lines. (F)
Sequences of the homorecombinats formed between identical AU1/art templates. A
strategy similar to that shown in panel (C) was used for RT-PCR, cloning and sequencing
of homorecombinants.
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Figure 2.4 Determination of donor versus acceptor use by the TCV RdRp. (A) Schematic
representation of the method used for selective purification of recombinant RdRp
products. The template-switching by the TCV RdRp (shown as an oval circle) is
represented by an arrow. The newly synthesized, 32P labeled RNA sequences are
indicated by dotted lines. The two types of heterorecombinants are shown in the left and
right panels, respectively. The left panel depicts the scenario when the biotin-labeled
RNA template (AU1/art shown as an example) serves as the donor RNA during the
template-switching event, leading to the formation of a recombinant RNA that carries the
label (due to initiation that takes place via 3’ primer extension). The biotin-labeled RdRp
products (including the primer extension, not shown, and the recombinants) are purified
using streptavidin as described in Materials and Methods. Note that the
heterorecombinants formed between Mot1/pr (donor, unlabeled with biotin) and AU1/art
are not labeled with biotin and are lost during purification (as depicted in the right panel).
(B) Analysis of the donor template selection by the recombinant TCV RdRp. The RdRp
reaction was performed as described in the legend to Fig 2.1, except that one of the
templates was biotin-labeled [indicated by letter (B) after the name of the construct]
before the reaction. After streptavidin-based purification, the RdRp products were
analyzed on denaturing gels. The homorecombinants are depicted with arrows pointing
rightward, while the heterorecombinants are marked with arrowheads. Lanes 6-8 include
samples that were obtained by pre-incubating the RdRp reaction mixture with the
AU1/art template (details are in Materials and Methods). Due to template competition,
the primer extension products are lower in the two template-containing experiments than
in single template-containing experiments. The gel on the right shows a longer run
containing samples 4 and 5 to resolve the size differences between the recombinants
(marked with arrowheads). (C) Inefficient use of a GC-rich template by the TCV RdRp
during template-switching. The names of the constructs used are shown above the lanes.
See further details in panel A-B. Arrowheads point at the heterorecombinants.
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Figure 2.5 Testing if the recombinants are generated by template-switching or RNA
ligation. (A) Schematic representation of the three most likely mechanisms that might
lead to formation of recombinants shown in Figs 2.1-4. A1: If RNA ligation (due to RNA
ligase activity, shown as a black circle) occurs between the two heterologous templates
prior to RNA synthesis, then the RNA product synthesized by the RdRp (gray oval circle)
would be approximately double or four times larger than the input templates (if initiation
takes place via de novo initiation, not shown or primer extension, as indicated). Since the
observed recombinants were approximately three times larger than the input templates in
the above experiments (Figs 2.1-4), this mechanism cannot explain the observed
recombinants in the in vitro system and it was not tested further. Dotted lines represent
the newly synthesized labeled RNAs. A2: If RNA ligation between the heterologous
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RNAs occurs after the RdRp completes the RNA synthesis on the input templates, then,
depending on ligation involving one strand (as shown) or two strands (not shown),
recombinants of either three or four times larger than the input RNAs are generated. Note
that RNA synthesis by the TCV RdRp must initiate de novo on the template in the right
panel in order to generate a substrate for RNA ligation that could generate the
recombinants observed in this work (Fig 2.3C-E). Since this mechanism could potentially
generate the correct-sized recombinants, we tested this possibility as described in panel
(B). A3: Recombinants may also be generated by template-switching of the RdRp as
shown, resulting the correct-sized recombinants. (B) Schematic description of the
procedure used to test RNA ligation in vitro. See details in Materials and Methods. Note
that the RdRp products were labeled with 32P-UTP independently in reactions 1 and 2
(top). (C) Denaturing PAGE analysis of the RdRp products after the RNA ligation test.
Samples in lanes 1-3 were prepared as shown in panel B, while samples in lanes 4-6 were
obtained as in Fig 2.3B. The ligation reactions were performed in the presence of 10 mM
ATP (lane 1), 10 mM ATP, CTP and GTP (lane 2), and no ribonucleotides (lane 3),
respectively. The expected heterorecombination product is marked with an arrow.
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Figure 2.6 RT-PCR and sequence analysis of the template-switching products obtained
with a partially-purified CNV RdRp preparation. (A) Agarose gel electrophoresis of the
RT-PCR products obtained from CNV RdRp reactions. The names of the templates used
for the RdRp reactions are shown above the lanes. The sequences of the templates are the
same as in Fig 2.1 and 2.3 [except R3(-) carried the art5 sequence at the 3’ end, see Fig
2.3A). To obtain the RNA samples for the RT-PCR analysis, we cut a portion of the
denaturing gel that should contain the recombinant-sized products (larger than the primer
extension products) and used it for RNA isolation. Sample 4 contained the RdRp
products from samples 1 and 2 mixed prior to the RT-PCR reaction (control reaction).
The RT-PCR method used is similar to that described in Fig 2.3C-D, except that the
primer sets used were different (see Materials and Methods). Asterisks depict the
predicted-sized heterorecombination products. Note that the bottom gel does not show
any recombinant-sized product, suggesting the recombination is inefficient from R3(-)/art
to AU1/art. (B) Sequence analysis of the heterorecombinants after RT-PCR and cloning.
Those recombinants found only once are depicted with dotted lines, while recombinants
with the same junctions are depicted with solid lines with the numbers indicating their
frequencies in the cloned library. Many clones contained extra, nontemplated nucleotides
at the junctions (not shown).
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Figure 2.7 A denaturing PAGE analysis of heterorecombinants generated with the CNV
RdRp preparation. A chemically synthesized 21-mer RNA, called cPR21, which
represents the very 3’ terminal promoter sequence in the minus-stranded TBSV (104) is
used in combination with two other RNA templates (Fig 2.1) as shown. The amounts of
RNAs used for the CNV RdRp reactions were as follows: cPR21 and R3(-) were 300 and
45 pmol in lanes 1 and 2, respectively. The samples in lanes 3-5 contained 300 pmol of
cPR21 and increasing amounts of R3(-) (15 pmol, 45 pmol and 75 pmol, respectively); in
lanes 6-8 the amount of R3(-) was fixed (45 pmol), while that of cPR21 increased
progressively (100 pmol, 300 pmol and 500 pmol, respectively).  The samples in lanes 9-
11 contained 300 pmol of cPR21 and increasing amounts of GC1 (15 pmol, 45 pmol, and
75 pmol, respectively). The heterorecombinants are marked with arrowheads. Long arrow
indicates the de novo initiation products of R3(-). The GC1 RNA resulted in almost
undetectable amount of de novo and recombinant-sized products. Note that the CNV
RdRp preparation initiates de novo on these templates.
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CHAPTER III
MECHANISM OF DI RNA FORMATION IN TOMBUSVIRUSES:
DISSECTING THE REQUIREMENT FOR PRIMER EXTENSION BY THE
TOMBUSVIRUS RNA-DEPENDENT RNA POLYMERASE IN VITRO
(Reprinted from Virology 304, 460–473, C.-P. Cheng and P. D. Nagy.  Copyright 2002)
(with permission from Elsevier)
INTRODUCTION
One of the most intriguing features of RNA viruses, including retroviruses, is their
ability to change rapidly, thousands to millions times faster than their hosts (41, 42, 63,
67, 142). Accordingly, frequent emergence of new viruses, strains and defective
interfering (DI) RNAs is well documented for a number of viruses including tombus-,
corona-, pesti-, picorna-, and alphaviruses (7, 47, 51, 67, 70, 81, 121, 150). Mutation and
RNA recombination are two of the most frequent mechanisms that drive RNA virus
evolution (27, 31, 67, 70, 142, 159). Of the two mechanisms, RNA recombination, a
process that joins together two non-contiguous RNA segments (67, 70) causes more
dramatic changes, often leading to the generation of defective viruses and DI RNAs.
Earlier studies on Brome mosaic virus (BMV) and Turnip crinkle virus (TCV)
have revealed that RNA recombination can occur at several different locations within the
viral genome, but the distribution of recombination sites is not random (96, 135). Regions
that have high recombination activities are called “hot spots”. Characterization of hot
spot sequences in BMV has revealed that various factors can influence the sites and
frequency of recombination, including short sequences flanking the hot spots that either
show high sequence similarity and contain AU-rich regions or are capable of RNA
duplex formation between the recombining RNAs (83, 85-87). In contrast, the TCV
system has been shown to require cis-acting replication sequences for RNA
recombination to occur (17, 18, 93, 94, 96, 97). The role of cis-acting sequences, such as
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subgenomic promoters, in RNA recombination was also proposed by Miller et al. (79). A
partially purified TCV RdRp-based in vitro system has been used recently to demonstrate
that RNA recombination is mediated by the viral replicase (97). Mutations within the
BMV replicase genes have altered the sites and frequency of RNA recombination in
BMV (33, 34, 89) further supporting the replicase-based template-switching mechanism.
In vitro studies with Poliovirus, Bovine viral diarrhea virus and BMV RdRps also
support the template-switching model (4, 65, 146). The picture is more complex in the
Qb bacteriophage system where both template-switching and RNA ligation-based RNA
recombination have been demonstrated (9, 23). Nevertheless, numerous observations
with several viruses support the wide spread and frequent occurrence of the template-
switching type of RNA recombination (70, 96).
DI RNAs represent symptom-modulating RNAs, which are derived from the
“parental” viral genome (111, 150). The most common DI RNAs are generated by one or
multiple recombination (deletion) events, which render the DI RNAs dependent on their
nondefective parental genome for essential viral proteins. Replicase error; i.e., template-
switching or replicase jumping, during replication of the parental virus, is thought to lead
to the emergence of DI RNAs (111, 150). Many DI RNAs compete successfully with the
helper virus during replication or other steps in the infection cycle. DI RNAs may not
only be useful as possible antiviral agents, but they may be used as gene expression
systems and model systems to study RNA replication and recombination.
Tombusviruses are isometric viruses with monopartite, single-stranded RNA
genomes of ~4.8 kb with mRNA-sense polarity (127). The viral-coded proteins p33 and
p92 have been shown to be essential for tombusvirus and DI RNA accumulation (Fig 3.1)
(100, 131). Both p33 and p92 are translated from the genomic RNA. p92 is the result of
translational readthrough of the translation stop codon of p33, and was estimated to be
present in ~20-fold lower amount than p33 in infected cells (130, 131). Due to the protein
expression strategy of tombusviruses, the N-terminal portion of p92 overlaps with p33.
Tombusviruses are frequently associated with DI RNAs that are derived entirely from the
genomic RNA. The tombusvirus-associated DI RNAs do not code for proteins and can
interfere with the accumulation of the genomic RNA and reduce the intensity of
symptoms in virus-infected plants (19, 35, 36, 49, 126). The most frequently occurring DI
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RNAs (~400-800 nt) contain three or four short noncontiguous segments of the genomic
RNA (Fig 3.1) (15, 19, 35, 36, 49, 50, 52, 122). These segments are: (i) region I, which
includes the 5’ noncoding region; (ii) region II, which corresponds to a central coding
region within the p92 ORF; (iii) region III, which represents a segment from the 3’ end of
p22 gene and the upstream portion of the 3’ noncoding region; and (iv) region IV, which
is derived from the very 3’ terminal segment  (Fig 3.1). Studies with various
tombusvirus-associated DI RNAs in whole plants and protoplasts have demonstrated that
each region may play a role in DI RNA accumulation (131, 158).
The generation of tombusvirus DI RNAs is thought to occur via step-wise
deletions of sequences that are possibly mediated by the viral replicase complex(150,
152). In this study, we tested this model by using an in vitro RdRp system obtained from
Cucumber necrosis virus (CNV)-infected plants. The in vitro data in this paper
demonstrate that primers that can form 4 to 5 base pairs with the acceptor region can be
used efficiently by the CNV RdRp for primer extension, a process analogous to the
putative recombination events. Primers with noncomplementary 3’ ends can also be used
by the CNV RdRp in vitro, albeit with low efficiency. Overall, our in vitro results can
explain the presence of no, or only short, identical sequences at the junction sites in most
of the in vivo generated DI RNAs. Our studies also find a significant role for the acceptor
regions in primer extension, suggesting that recombination events may not occur
randomly. These results support a template-switching model for the generation of DI
RNAs in tombusviruses.
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RESULTS
Rationale of this study
Previous studies established that the sites of deletions and RNA recombination
were not distributed randomly in the tombusvirus DI RNAs (see Fig 3.1), but rather four
regions in the tombusvirus genomes serve invariably as recombination hot spots
(reviewed in (150). The replicase-driven template-switching model (see Introduction)
predicts that DI RNAs are formed readily by tombusviruses because certain regions are
favored ‘landing sites’ for the viral replicase during the recombination events. Selection
of the ‘landing sites’ for the ‘jumping’ replicase may be guided by the annealing of the
primer (the incomplete nascent-strand transferred from the donor sites) to certain
positions within the acceptor regions. However, analyses of junction sites in a large
number of de novo tombusvirus DI RNAs reveal the presence of no, or only short
(between 1 to 5 nt) sequence identity between the donor and acceptor sites (150, 154). If
one to five base-pairing between the primers and the acceptor RNAs were the only
determinant of acceptor site selection, then a large number of unique recombinants and
DI RNAs would be generated.  On the contrary, only a limited number of recombination
hot spots are observed in tombusviruses (150, 152-154). This suggests that primer
annealing to the acceptor region may play only a limited role in selection of the acceptor
sites during tombusvirus recombination. In addition to primer annealing, additional
factors that may facilitate replicase ‘landing’ are cis-acting replication elements and
structural features of the RNA. The putative cis-acting elements may be involved in
actively recruiting the viral replicase (96, 97), while structural elements may bring distant
regions into proximity during template-switching events (87, 96). An alternative model is
that recombination (sequence deletion) occurs randomly throughout the genome, but
post-recombinational selection only allows the accumulation of the most competitive DI
RNAs in plants. Below we address whether the template-switching model can explain the
formation of tombusvirus DI RNAs using an in vitro RdRp system.
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Short sequence complementarity between the primer and the acceptor template is
favored by the tombusvirus RdRp in vitro.
To test the above models of DI RNA formation, we used a recently developed
template-dependent RdRp system obtained from CNV-infected plants (91). Template
recognition by the CNV RdRp preparation in vitro was found to be similar to that of the
Tomato bushy stunt virus (TBSV) RdRp (91). An advantage of using the CNV RdRp
preperation over the TBSV preparation is that the former has higher activity in vitro
facilitating the detection of RdRp products (not shown). To further increase the
sensitivity of the in vitro assay we have developed a method that facilitates bringing
together the primer and the acceptor regions that share no or only limited sequence
complementarity (none to five bases) (Fig 3.2A-C; see also (94, 97). This was done by
covalently linking the primer region to the 3’ end of the acceptor region using a short
‘loop’ sequence (schematically drawn in Fig 3.2C). This arrangement ensures that the
primer is in the vicinity of the acceptor region and it also allows the easy detection of
primer extension products (see below).
Using the above approach, we have tested the ability of the tombusvirus RdRp to
extend on primers using both viral-derived and artificial sequences (see this and the
following sections). First, we have generated and tested an RNA construct that contained
the entire region IV(-) present in both TBSV genomic RNA and DI-72 (representing
minus-strand sequences, construct R4/5, Fig 3.2D). The primer sequence, which
represented 20 nt of the 3’ end of region III (+) of DI-72 (Fig 2.1), was selected to be
capable of forming 5 base-pairs with the acceptor region. This construct may be
analogous to an actual recombination intermediate if template switching occurred during
plus-strand synthesis from region III(-) to region IV(-) with the 3’ end of region III (+) of
the nascent RNA serving as a primer (Fig 3.2A-C). Interestingly, the above construct
with 5 nt-long complementarity between the primer and the acceptor region supported
efficient primer extension (we will use this term throughout the text to refer to the 3’ self-
priming reaction) in the tombusvirus RdRp assay (Fig 3.2D). The nature of the RdRp
product was proven by (i) its aberrant migration in 8M urea/PAGE gels (Fig 3.2D), which
is due to an unusually stable hairpin conformation (schematically shown in Fig 3.2C); (ii)
its partial sensitivity within the loop region of the hairpin to S1 nuclease or RNase I
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treatments, which change the migration of the RdRp products in 8M urea/PAGE gels,
resulting a band that moves slightly faster than the template-sized marker (Fig 3.2D); (iii)
this RdRp product moves close to dimer-sized marker when the electrophoresis is
performed at 700C in the presence of 40% formamide/8M urea, which can fully denature
the hairpin RNA (see below). The above features of the RdRp product exclude the
possibility that de novo initiation by the RdRp or a terminal transferase-like activity
would be involved. This is because de novo initiated products are fully RNase resistant
and can be denatured in 8M urea/PAGE gels, while terminally labeled products are
completely degraded during the RNase treatment (91, 97, 137). Our attempts to clone
these products failed due to the unusually stable hairpin structures that prevent the
annealing of oligo DNA primers (not shown).
To further test the role of base-pairing between the primer and acceptor in primer
extension, we tested construct R4/9 with a 9 nt complementary primer-region in vitro
(Fig 3.2E).   This assay revealed almost as efficient primer extension for construct R4/9
as for R4/5 (Fig 3.2E).  Constructs with 14 and 20 nt complementary primer-regions were
~4 times less active than construct R4/5 in the RdRp assays (constructs R4/14 and R4/20,
Fig 3.2E). Surprisingly, the construct R4/0 that has a primer that cannot form longer than
one bp duplex with the acceptor region still supported significant level of primer
extension when compared to R4/5 (28 % for construct R4/0, Fig 3.2E). The construct
R4/14+4 with a primer region that includes 14 base-paired region and 4 nonpaired nt at
the 3’ end also supported primer extension (15% of that of R4/5, Fig 3.2E). Interestingly,
several bands were obtained with the R4/14+4 template in 8M urea/PAGE (Fig 3.2E),
suggesting the primer extension was initiated at several different positions of the acceptor
region.
Efficient primer extension with short artificial primers.
To further test the role of the priming region in primer extension by the CNV
RdRp in vitro, we designed an artificial priming region, as shown in Fig 3.3A. The
artificial priming region consisted of sequences that could predictably fold to 1 to 18
base-paired structures (Fig 3.3A). The efficiency of primer extension may be influenced
by sequences located downstream to the primer. Therefore, we chose region III(-) of DI-
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72 (Fig 3.1), which is a putative replication enhancer (118) as the template region in these
experiments. Among these constructs, Art-5 with a priming region capable of forming 5
base-pairs supported the highest level of primer extension in the CNV RdRp assay (Fig
3.3B). This confirms the above observation obtained with the TBSV-derived priming
region that primers with 5 paired nt are the most favored by the CNV RdRp. The nature
of the primer extension product obtained with Art-5 was confirmed by estimating that the
product migrated twice the template length in 40% formamide/8M urea/PAGE that was
run at 700C (see left lane in Fig 3.3C) and it was RNase I sensitive (right lanes in Fig
3.3C).
Constructs Art-4, Art-3 and Art-2 with priming regions of 4, 3 and 2 base-pairs in
length resulted in decreasing levels of primer extension (Fig 3.3B). Constructs Art-0,
which lacks the 3’ complementary sequence present in Art-5, gave reduced, but still
easily detectable level of primer extension (10% of Art-5, Fig 3.3B). The fact that the 3’
end of Art-0 can form only one A-U base pair with the acceptor region confirms that
primer extension by the tombusvirus RdRp does not require primers with extended base
pairing to the acceptor region. Construct Art-18 with a priming region of 18 base-pairs
gave reduced amount of primer extension product, confirming the above observation
obtained with the TBSV-derived priming region that long base-paired primers are less
favored by the CNV RdRp than short (5 bp long) primers. Art-5+1 and Art-5+2 contained
one or two nonbase-paired nt at the 3’ end, which greatly reduced, but did not eliminate,
primer extension. This supplies further evidence that the CNV RdRp can extend on
primers containing 3’ nonbase-paired ‘overhangs’.
Overall, the results obtained with the artificial primers and region III(-) acceptor
region (Fig 3.3A-B) confirmed the observations obtained above with TBSV-derived
primers and region IV(-) acceptor region (Fig 3.2E). Therefore, we conclude that the
CNV RdRp can use different primers and it is unlikely that the sequence of the primer
per se plays a role in primer extension in the CNV system. The above experiments
suggest that the CNV RdRp favors four to five bp complementarity between the primer
and the acceptor region for primer extension. In addition, the use of either shorter or
longer than 5 bp primers or primers with non-base paired 3’ ends are also possible by the
CNV RdRp.
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Comparison of TBSV-derived, heterologous and artificial sequences as acceptor
regions.
In addition to the role of the above tested priming region, the acceptor region may
also play a role in primer extension. For example, the acceptor region may facilitate the
binding of the RdRp, which can increase the rate of primer extension. The acceptor
region may also decrease the level of primer extension by inhibiting RNA synthesis due
to secondary structures or other features of the RNA, such as high AU content. To test
whether the acceptor region plays a significant role in primer extension, we first
compared the efficiency of primer extension in the presence of two TBSV-derived and
two heterologous sequences. These sequences were region III (+) and region III (-)
present in both TBSV genomic RNA and DI-72 and MDV (+) and MDV (-) RNAs,
which represent a short satellite RNA associated with Qb bacteriophage (5). All four
constructs also contained the same Art-5 primer region that is predicted to fold a 5 bp
structure (Fig 3.4A-B). The in vitro assay revealed that, in spite of the presence of the
same primer region, construct R III(-), which contains minus strand region III sequences,
supported primer extension 50-fold more efficiently than R III (+), carrying plus-strand
region III sequences (Fig 3.4A). These primer extension activities were normalized based
on the number of templated UTP (the radiolabeled nucleotide) incorporation for each
template. The two heterologous MDV-based templates [MDV (+) and MDV (-)]
supported inefficient primer extension when compared to R III(-) (Fig 3.4B). The above
observation that minus-stranded region III sequences support primer extension at a much
higher level than the plus-strand region III or the heterologous MDV sequences in the
presence of the same primer supports the model that the acceptor region plays a
significant role in primer extension.
To further test features of the acceptor region that may affect primer extension, we
constructed short templates with either AU-rich (in construct AU1, Fig 3.5A), GC-rich
(the target GC1 and GC2 sequences in constructs GC1 and GC2, Fig 3.5B) or average
GC contents (GC3 target sequence in construct GC3, Fig 3.5B). The GC1 sequence is
predicted to form a stable secondary structure, while the GC2 sequence is predicted to
consist of single stranded regions based on computer prediction (86), and Fig 3.5B). All
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the templates of Fig 3.5A and B had a common 5’ region to allow for efficient labeling of
the RdRp products with 32P UTP for each template, (including the GC-rich templates)
and the same Art-5 primer region, as schematically shown in Fig 3.5A. If the acceptor
region plays a role in primer extension, than it is expected that these constructs should
support variable levels of primer extensions due to the differences in sequences and
structures of these regions (termed target regions in Fig 3.5A). Indeed, the in vitro CNV
RdRp assay revealed that construct AU1 with AU-rich sequence supported primer
extension more efficiently than constructs GC1, GC2 or GC3, although its efficiency was
10-fold lower than that of R III(-) (Fig 3.5C). Since both construct GC1, with a highly
stable hairpin structure, and GC2, with mostly single-stranded GC-rich region, supported
primer extension inefficiently, this suggests that the role for the secondary structure may
be less significant. The fact that an AU-rich sequence is favored over GC-rich and
average GC sequences suggests that the sequence context of the acceptor region in the
vicinity of the primer region plays a significant role in determining the efficiency of
primer extension.
To evaluate the role of both proximal and distant sequences in primer extension,
we first constructed templates that had the favorable AU-rich sequence positioned close
to the primer region and the less favorable GC-rich or GC-average sequences located at
distal positions (see target sequences of GC1+AU1 and GC3+AU1, Fig 3.5B). These
constructs supported primer extension at least as efficiently as AU1 and more efficiently
than GC1 or GC3 did (see GC1+AU1 and GC3+AU1 in Fig 3.5C). These observations
argue that the sequence close to the primer region can influence the efficiency of primer
extension to a larger extent than the sequence at a distal position. Similar conclusion can
be drawn from the results obtained with the construct AU1+GC1, which had the GC1
sequence flanking the primer region and the AU1 sequence at a distal position, showing
inefficient primer extension  (AU1+GC1 target sequence, Fig 3.5B).
Overall, the data indicate that the sequence context of the acceptor region,
especially at proximal location to the primer region, plays a significant role in the
efficiency of primer extension by the CNV RdRp in vitro.
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Testing the ability of the conserved regions present in the tombusvirus DI RNAs to
facilitate primer extension when present in plus- and minus-strand orientation.
The above results showing that the sequence of the acceptor regions plays a role in
primer extension are consistent with a model that the four conserved regions, which are
present in the most common, prototypical DI RNAs (Fig 3.1), may be selected
nonrandomly by the tombusvirus RdRp during template switching. This model predicts
that during the three deletion events that are needed to form DI-72 type RNAs (Fig 3.1),
three of the four conserved regions may serve as favorite landing sites for the RdRp-
primer complex during either plus- or minus-strand synthesis. To test whether the
conserved regions in DI-72 can support efficient primer extensions by the CNV RdRp,
we attached the Art-5 primer, which can form a 5 bp duplex with the acceptor region, to
the 3’ end of each plus or minus-strand region of DI-72 as shown in Fig. 6A. In vitro
CNV-RdRp assays were conducted and the results were normalized and compared to that
obtained with region III(-). We found that regions II, III and IV of the minus-stranded DI-
72 supported primer extension with moderate (higher than 20% value) to high (higher
than 50% value) efficiencies with the region III(-) showing the highest activity (Fig
3.6A). The plus-stranded regions were in general less efficient than the minus-stranded
regions in supporting primer extension. The only exception is region II, which was
moderately efficient in primer extension in both plus and minus-strand orientations (Fig
3.6A).
To test whether primer extension was supported with similar efficiency within an
entire region, we made three different region II(+) constructs, in which the Art-5 primer
was fused to different positions as shown in Fig 3.6A. The efficiency of primer extension
was gradually decreased to 5% as the lengths of the acceptor region decreased. Since the
length of the shortest region II(+) construct is comparable to the length of region III(-),
which showed the highest activity, it is unlikely that the length of the acceptor region
would be important. It is more likely that the 3’ sequence of region II(+) can facilitate
primer extension more efficiently than the 5’ sequence of region II(+). A possible
interpretation of these data that the 3’ end of region II(+) is more likely to be involved in
template-switching than internal sequences in region II(+). Note that we included
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constructs region IV(+) and region I(-) in this experiment, although these regions are not
predicted to be involved as acceptor regions during DI RNA formation (see Fig 3.7).
Instead, these regions may serve as acceptor regions during formation of head-to-tail DI
RNA dimers, which are observed frequently in tombusvirus infections (25, 35).
The experiments in Fi 3.6A allowed the direct comparison of the efficiency of
various regions in primer extension since all the constructs included the same Art-5
primer, which was found to be the most efficient primer in vitro (Fig 3.3). During DI
RNA formation, however, it is very likely that unique primers are used for each deletion
event. Unfortunately, the nature of these primers is currently not known. Therefore, we
wanted to test whether the above differences among the various regions in primer
extension could be repeated if TBSV-derived unique primer sequences were used for
each construct (Fig 3.6B).
Since the length of the complementarity between the primer and the acceptor
region has a major effect on the efficiency of primer extension (Figs 3.3 and 3.4),
comparison of constructs with various lengths of primers can be complicated. Therefore,
we chose to make each unique primer region 14 bp long, which is expected to facilitate
primer extension less efficiently than the Art-5 primer (based on Figs 3.3 and 3.4). Each
of these primers has a unique sequence derived from a nearby upstream region of the
junction sites (see Materials and Methods). As expected, constructs with the 14 bp unique
primers supported primer extension less efficiently than the corresponding constructs
with the Art-5 primer regions (data not shown). For example, region III(-) with the
unique primer supported only 7% of the level of primer extension that was obtained with
the Art-5 primer (not shown). Comparison of the efficiency of primer extension among
the constructs with unique primers [Fig 3.6B, region III (-) serving as the reference
construct with 100% value] revealed that, in general, the minus-stranded regions were
highly or moderately active, while the plus-stranded regions supported low levels of
primer extension (Fig 3.6B). The notable exception is region I(+), which showed 47%
primer extension when compared to that of region III (-) (Fig 3.6B). Although the
interpretation of these data is expected to be more complex than that of Fig 3.6A (due to
the unique nature of each primer sequence), the results are generally in agreement with
that of Fig 3.6A.
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To further test if various segments of the conserved regions may show different
efficiency in supporting primer extension, we generated two sets of constructs for region
II (-), region III (+) and region III (-) as shown in Fig 3.6B. Each of these constructs
contained a unique, TBSV-derived 14 bp primer. These experiments demonstrated that
all constructs containing region III(+) strand sequences supported primer extension with
low efficiency (between 10-16%), while constructs containing region II (-) and region III
(-) sequences supported primer extension with moderate and high efficiency, respectively
(Fig 3.6B). Since the primer extension was efficient from both the 3’ ends and from
internal positions of region II(-) and region III(-), it is possible that the tombusvirus RdRp
could “jump” to various positions of these two regions during template-switching. This
model is in agreement with in vivo observations that the region II and region III junctions
are quite variable in different DI RNAs.
Overall, both sets of experiments in Fig 3.6 suggest that the probability for the
three deletion events that are needed to form DI-72 type of DI RNAs to occur on minus-
strand RNA during plus-strand synthesis is higher than during minus-strand synthesis
(Fig 3.7). The chance for participation of plus-strand regions I and II is better with some
primers than with others (compare Fig 3.6A and B), while region III(+) has the lowest
chance to serve as the RdRp landing site during the deletion events.
DISCUSSION
Generation of DI RNAs is an intrinsic property of tombusviruses. The de novo
generated DI RNAs contain three to four noncontiguous segments from the parental
tombusvirus genomic RNA (reviewed in (150).These regions are conserved in most DI
RNAs, although the junction sites are highly variable. In addition, the right and left
borders of junction sites show no or only limited sequence similarities. How then are
these regions selected to assemble the DI RNAs? It has been proposed that replicase
“jumping” (template switching) in a targeted, step-wise manner is responsible for
multiple deletions leading to the de novo formation of DI RNAs in planta (150). If the
replicase mediates the deletion events, then it should be possible to test whether a
tombusvirus RdRp preparation can perform these events or parts of the events in the test
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tube. Accordingly, in this paper we demonstrate two features of the CNV RdRp that may
be important for DI RNA generation: (i) the CNV RdRp is capable of using primers with
none or short sequence complementarity with the acceptor region; and (ii) the regions
that are present in DI RNAs can serve as efficient templates in an in vitro primer
extension reaction with the CNV RdRp.
In comparison of primers that can form duplexes of various length with the
acceptor region, we observed that primers with approximately five base pairs supported
the most efficient primer extension, while longer primers (14 to 20 base pairs) were much
less efficient than the shorter primers in the in vitro CNV RdRp reactions. Importantly, 3’
noncomplementary bases reduced the extent of primer extension, but the amounts of the
products were still significant. Overall, the results of these experiments argue that
junction sites in the de novo generated DI RNAs do not contain long stretches of similar
sequences because the tombusvirus RdRp preferably elongates short base-paired primers.
We propose that the ability of the tombusvirus RdRp to extend on short base-paired as
well as nonbase-paired (primer with 3’ noncomplementary bases) primers is an important
feature during DI RNA formation. Also, the ability of the tombusvirus RdRp to extend
short and mispaired primers may explain why tombusviruses produce frequently aberrant
homologous and nonhomologous recombinants, while precise homologous recombinants
are less frequent Similar to the tombusvirus RdRp, sequence complementarity between
the primers and the acceptor templates is not required for primer extension by the TCV
(94, 95, 97) poliovirus (4) and the BMV (65) RdRps in vitro. Based on these and other
results, an emerging picture is that viral RdRps do not need stretches of sequence
complementarity between the primer and the template as is frequently the case for reverse
transcriptases (98, 110, 144).
An interesting finding of this work is the demonstration of the role of the acceptor
region in primer extension. Comparison of numerous TBSV-derived, heterologous and
artificial sequences as acceptor regions revealed that region III(-) is the best at supporting
primer extension. Region II(-) and region IV(-) were also found efficient in primer
extension in the presence of two different primers, while region I(+) and region II(+)
were good at primer extension with one set of primers, but poor with a second set (Fig
3.6A-B). In contrast, region III(+) supported primer extension poorly with two different
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primer sets.  An artificial AU-rich acceptor region was more efficient in supporting
primer extension than acceptor regions with high or average GC contents (Fig 3.5). This
suggests that the sequence of the acceptor region is a factor in primer extension. The role
of the secondary structure is less obvious, since two constructs with GC-rich acceptor
regions, one of which with stable and the other without a stable secondary structure,
supported primer extension poorly (Fig 3.5C). GC-rich sequences flanking the priming
region may decrease primer extension due to reduced binding to the CNV RdRp.
Alternatively, the GC-rich sequence may inhibit elongation of the primer by the CNV
RdRp. The latter model is less likely since three different sequences with high or average
GC contents, which can or cannot form highly stable hairpin structures, all reduced the
extent of primer extension. Also, a GC-rich sequence was inefficient inhibitors of primer
extension when they were positioned at a more distant downstream location (construct
GC1+AU1 Fig 3.5C). Nevertheless, the possibility of inhibition of primer extension by
the GC-rich or GC-average sequences, when present close to the primers, has not been
completely excluded, since it is possible that the RdRp may be more responsive to the
sequence context during primer-mediated initiation than during elongation.
The observation that the acceptor region plays a major role in primer extension
suggests that the acceptor region is likely involved in the recruitment of the viral
replicase during the template-swithing events. Therefore, it is possible that region III(-) is
the best acceptor region due to its high affinity to the replicase. Consistent with this view,
Ray and White (1999) demonstrated that region III serves as a replication enhancer
during DI RNA replication. The simplest model to explain DI RNA formation based on
the above data is that tombusvirus RdRp favors the landing on certain regions in the
TBSV genome during DI RNA formation. These selected regions may contain cis-acting
sequences that facilitate both the replicase landing during deletion events and the
subsequent amplification of the de novo generated DI RNAs.  This model for formation
of TBSV DI RNAs is similar to that proposed for recombination between the TCV-
associated satC and satD (17, 18) satC(-) was found to contain a replication enhancer (93)
which also serve as recombination hot spot (17, 97). The replication enhancer of satC(-)
was demonstrated to enhance primer extension and increase the competitiveness of the
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RNA in in vitro TCV RdRp assays (93). Further experiments will be needed to
demonstrate cis-acting roles for the regions present in TBSV-associated DI RNAs.
The results presented in this paper suggest that the selection of the acceptor sites
(i.e. the ‘landing sites’) may be guided by annealing of short primers as well as by
features of the acceptor regions. Based on the role of the primer and the acceptor region
in primer extension in vitro, we propose that the mechanism of DI RNA formation in
tombusviruses is possibly similar to the similarity-assisted recombination model, which
also predicts a role for the annealing of the primer to the acceptor region as well as the
active role of the acceptor region in recruiting the RdRp during template-switching (96).
Comparison of the ability of the conserved regions present in the tombusvirus-
associated DI RNAs to support primer extension in vitro revealed that the minus-stranded
regions II, III and IV may serve as preferred landing sites for the “jumping” replicase
during the deletion events (Fig 2.7).  The above data suggest that replicase jumping on
the plus-strands of the tombusvirus RNA is possible, but less likely. For example, region
III(+) was 10 to 50-fold less efficient in primer extension than region III(-) using two
different primers (Figs 3.4A and 3.6A-B). Since region I(+) and region II(+) were
moderately efficient with one of the two primer sets tested (Fig 3.6A and B), it is possible
that these regions may be involved in deletion events with low to moderate levels of
frequency (Fig 3.7A). It is important to emphasize that the above prediction is based only
on the in vitro data obtained with putative TBSV-derived and artificial primers and
selected acceptor regions. However, the nature and the abundance of various primers
(incomplete nascent-strands) may be greatly varied during tombusvirus replication. The
generation of these primers should depend on several factors including the features of the
donor site/replicase interactions. These interactions should be defined in the future to
refine the proposed model of DI RNA formation in tombusviruses.
MATERIALS AND METHODS
Plant inoculation and CNV RdRp preparation
N. benthamiana plants were inoculated with CNV genomic RNA transcripts obtained by
standard T7 RNA transcription using Sma I linerized clone of pK2/M5p20STOP for CNV
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(122). CNV RdRp preparations were obtained from systemically infected leaves as
described by Nagy and Pogany (91)
Preparation of RNA templates
For the in vitro experiments, RNA templates were obtained by in vitro transcription
reaction with T7 RNA polymerase using PCR amplified DNA templates. The DNA
templates and primers used for PCR reactions are listed in Table.1.  The DNA templates
were purified as described previously (91) before in vitro transcription with T7 RNA
polymerase. The unincorporated nucleotides were removed by phenol/chlorophrom
extraction and repeated ammonium-acetate/ isopropanol precipitation (88, 136). The T7
transcription products were analyzed by 5% denaturing PAGE and the amounts of RNA
were measured by UV spectrophotometery. For repeating several RdRp experiments, we
used RNA transcripts purified from denaturing PAGE gels, which removes shorter or
longer than template-size RNAs generated by T7 transcription.
RdRp  assay
Approximately 1 mg of R III (-) RNA was used for the RdRp reaction, while the amounts
of other RNA templates used were adjusted based on their relative size as compared to R
III(-) to have comparable molar amounts of templates in each reaction. RdRp reactions
were carried out as previously described (91) with the exception that half of each RdRp
product was used for either S1 nuclease (91, 136) or RNase I (Ambion) treatment. The
RNase I treatment was done at 37oC for 30 min in 100 ml reaction containing 50 mM
Tris-HCl (pH 7.9), 10 mM MgCl2, 10 mM NaCl, 1 mM DTT, and 10 units of RNase I.
The reaction was terminated by adding 5 ml 10% SDS followed by phenol/chloroform
extraction and ammonium-acetate/ isopropanol precipitation (91). The untreated and the
RNase-treated RdRp products were analyzed by 5% denaturing PAGE in the presence of
8M urea, followed by Phosphorimager analysis (91). Selected samples of RdRp products
were also analyzed by electrophoresis performed at 70 0C in the presence of 40%
formamide/8M urea in the DCode system (Bio-Rad).  The data for each sample were
normalized based on the number of templated UTP incorporation (91).
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Table 3-1. List of primers and templates used to generate the shown constructs with
PCR
Constructs template primer Sequence
RI (+)A DI-72 359 GTAATACGACTCACTATAGGAAATTCTCCAG
GATTTC
147 TCGTCTTATTGGACGAGTCGCTTGTTTGTTG
GA
RII-1(+)A DI-72 17 GTAATACGACTCACTATAGGAGAAACGGGA
AGCTCGC
146 TCGTCTTATTGGACGACCAACAAGAGTAACC
TG
RII-2
(+)A
DI-72 17 GTAATACGACTCACTATAGGAGAAACGGGA
AGCTCGC
163 TCGTCTTATTGGACGACTCTGCTTTTACGAA
GG
RII-3
(+)A
DI-72 17 GTAATACGACTCACTATAGGAGAAACGGGA
AGCTCGC
164 TCGTCTTATTGGACGACTCGTGTGTAAGTAC
GG
RIII(+)A DI-72 18 GTAATACGACTCACTATAGGAGAAAGCGAG
TAAGACAG
111 TCGTCTTATTGGACGACAAGTGACACCTAAC
RIV-
1(+)A
DI-72 19 GTAATACGACTCACTATAGGAATTCCTGTTT
ACGAAAG
149 TCGTCTTATTGGACGAGGGCTGCATTTCTGC
AATG
RI (-)A DI-72 15 GTAATACGACTCACTATAGGGCATGTCGCTT
GTTTGTTGG
165 TCGTCTTATTGGACGAGGAAATTCTCCAGGA
TTTC
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RII(-)A DI-72 14 GTAATACGACTCACTATAGGGTTCTCTGCTT
TTACGAAG
167 TCGTCTTATTGGACGAAGAAACGGGAAGCT
CGC
RIII(-)A DI-72 116 GTAATACGACTCACTATAGGACACCTAACTT
TCGT
112 TCGTCTTATTGGACGAGATAGTCACTTGACT
AC
RIV(-)A DI-72 22 GTAATACGACTCACTATAGGGCTGCATTTCT
GCAATGTTCC
168 TCGTCTTATTGGACGAATTCCTGTTTACGAA
AG
RI (+)B DI-72 359 GTAATACGACTCACTATAGGAAATTCTCCAG
GATTTC
55 CGGGAAGCTCGCTCGTAGGTTGTGGAGTGC
G
RII-1(+)B DI-72 17 GTAATACGACTCACTATAGGAGAAACGGGA
AGCTCGC
53 GACAGACTCTTCAGTCTCCACAAACTCAGAC
RII-2 (+)B DI-72 17 GTAATACGACTCACTATAGGAGAAACGGGA
AGCTCGC
54 GCGGTGCGAAACTCCTCGTGTGTAAGTACGG
RIII-
1(+)B
DI-72 18 GTAATACGACTCACTATAGGAGAAAGCGAG
TAAGACAG
52 CCTGTTTACGAAAGCACAAGTGACACCTAAC
RIII-
2(+)B
DI-72 19 GTAATACGACTCACTATAGGAATTCCTGTTT
ACGAAAG
108 AGCATACAGCCAACAAGAGTAACCT
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RII-1(-)B DI-72 14 GTAATACGACTCACTATAGGGTTCTCTGCTT
TTACGAAG
57 CGCTTGTTTGTTGGGGATAAATTGTAACTTC
RII-2(-)B DI-72 14 GTAATACGACTCACTATAGGGTTCTCTGCTT
TTACGAAG
58 GGGCTACCCCAACCAAGCGGTTTGTGAGAA
G
RIII-1(-)B DI-72 116 GTAATACGACTCACTATAGGACACCTAACTT
TCGT
59 CTCTGCTTTTACGAAGATAGTCACTTGACTA
C
RIII-2(-)B DI-72 116 GTAATACGACTCACTATAGGACACCTAACTT
TCGT
61 CTCCACAAACTCAGACGTAAGACAGACTCTT
CAG
RIV(-)B DI-72 22 GTAATACGACTCACTATAGGGCTGCATTTCT
GCAATGTTCC
60 CCAACAAGAGTAACCTGGCATAGCATACAG
G
Art-0 RIII(-)A 116 GTAATACGACTCACTATAGGACACCTAACTT
TCGT
175 TTATTGGACGAGATAGTCAC
Art-2 RIII(-)A 116 GTAATACGACTCACTATAGGACACCTAACTT
TCGT
174 TCTTATTGGACGAGATAGTC
Art-3 RIII(-)A 116 GTAATACGACTCACTATAGGACACCTAACTT
TCGT
173 GTCTTATTGGACGAGATAGTC
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Art-4 RIII(-)A 116 GTAATACGACTCACTATAGGACACCTAACTT
TCGT
172 CGTCTTATTGGACGAGATAGTC
Art-18 RIII(-)A 116 GTAATACGACTCACTATAGGACACCTAACTT
TCGT
171 TCAAGTGACTATCTCGTCTTATTGGACGAGA
Art-5+1 RIII(-)A 116 GTAATACGACTCACTATAGGACACCTAACTT
TCGT
176 GTCGTCTTATTGGACGAGAT
Art-5+2 RIII(-)A 116 GTAATACGACTCACTATAGGACACCTAACTT
TCGT
177 AGTCGTCTTATTGGACGAGAT
MDV(+) MDV 192 GTAATACGACTCACTATAGGGGACCCCCCG
GAA
193 TCGTCTTATTGGACGACCCGGGGAACCCCCC
TTC
MDV(-) MDV 194 GTAATACGACTCACTATAGGGGAACCCCCCT
TC
195 TCGTCTTATTGGACGACCCGGGGACCCCCCG
GAA
AU1/L PN-
R’+AU1
248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
249 TCGTCTTATTGGACGAGTGCTCGAGTTGGAT
CC
GC1/L PN-GC1 248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
249 TCGTCTTATTGGACGAGTGCTCGAGTTGGAT
CC
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GC2/L PN-GC2 248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
249 TCGTCTTATTGGACGAGTGCTCGAGTTGGAT
CC
GC3/L PN-GC3 248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
249 TCGTCTTATTGGACGAGTGCTCGAGTTGGAT
CC
GC1+AU
1/L
PN-
GC1+A
U1
248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
249 TCGTCTTATTGGACGAGTGCTCGAGTTGGAT
CC
AU1+GC
1/L
PN-
AU1+G
C1
248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
249 TCGTCTTATTGGACGAGTGCTCGAGTTGGAT
CC
GC3+AU
1/L
PN-
AU1+G
C1
248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
249 TCGTCTTATTGGACGAGTGCTCGAGTTGGAT
CC
AU1 AU1/L 248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
258 TCGTCTTATTGGACGAATCCATAATTGATGG
AAT
GC1 GC1/L 248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
259 TCGTCTTATTGGACGACCGGCCGGCCTATTT
GG
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GG
GC2 GC2/L 248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
266 TCGTCTTATTGGACGACCGCCCGCCCTATTT
GC
GC3 GC3/L 248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
267 TCGTCTTATTGGACGACCAAGCGTCGTACTA
CG
GC1+AU
1
GC1+A
U1/L
248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
258 TCGTCTTATTGGACGAATCCATAATTGATGG
AAT
AU1+GC
1
AU1+G
C1/L
248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
259 TCGTCTTATTGGACGACCGGCCGGCCTATTT
GG
GC3+AU
1
GC3+A
U1/L
248 GTAATACGACTCACTATAGGAGACCCTGTCC
AGGTAG
258 TCGTCTTATTGGACGAATCCATAATTGATGG
AAT
Templates of PN series are from Nagy and Bujarski, 1997 and 1998.
The R-series of constructs with A are shown in Fig 3.6A, while those with B are shown
in Fig 3.6B
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Figure 3.1 Schematic representation of the RNA genomes of a typical tombusvirus
(TBSV) and the prototypical DI-72 RNA. Tombusvirus RNAs contain five open reading
frames of which two are expressed from the genomic RNAs (shown by open boxes) and
three (shown by black boxes) are expressed from two subgenomic RNAs. The four
noncontiguous regions (indicated by roman numerals) from which the TBSV-derived DI-
72 RNA is derived are depicted with gray boxes.
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Figure 3.2 Development of an in vitro system to study the ability of tombusvirus RdRp
to extend on RNA primers. (A) Schematic representation of the generation of the primer
within the donor region (black boxed), followed by template-switching (dotted arrow)
and landing of the primer on the acceptor region (gray bar). The viral RdRp is omitted
from the figure (based on (96). This model predicts that the incomplete nascent-strand
(the primer) is transferred from the donor region to the acceptor region in the tombusvirus
RNA during the deletion (recombination) events.  Short base pairing (one to five bp,
(150, 154) between the primer and the acceptor region may facilitate the primer extension
by the tombusvirus RdRp. (B) Schematic representation of a putative recombination
intermediate based on the template-switching model shown in panel A. (C). Schematic
representation of the constructs, which are designed based on the recombination
intermediate shown in panel B, used to test the ability of CNV RdRp to extend on short
primers. An up to 20 nt long inverted repeat derived from the 3’ end of region III was
linked to the 3’ end of the template (representing the minus-strand region IV of DI-72)
for the tombusvirus RdRp to perform primer-extension. The obtained RdRp products are
very heat-stable hairpin-like molecules, which can be partially digested with single-strand
specific nucleases to obtain less heat-stable double-stranded RNAs as shown. (D) A
representative 8M urea/PAGE analysis of the in vitro generated RdRp products obtained
with construct R4/5, which has a primer region that can form a 5 bp duplex. Note that the
major RdRp product (marked with an asterisk) runs aberrantly due to its highly stable
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hairpin-like conformation during 8M urea/PAGE. This self-primed RdRp product runs
slightly ahead of the full-length template, whose position is marked with T on the right,
after S1 nuclease treatment (right lane, marked by +). This is because: (i) the S1
nuclease-treated hairpin-like RNA will be converted into dsRNA, which can be
completely denatured during 8M urea/PAGE; and (ii) the 32P UTP-labeled strand of the
RdRp product is expected to be ~5 nt shorter than the full-length template. This is
because the loop region of the primer is not copied by the RdRp and the loop region is
degraded by the S1 nuclease-treatment (see panel B). (E) Representative 8M urea/PAGE
analysis of CNV RdRp products obtained with templates containing primer regions with
various lengths. All these templates are shown in the 3’ to 5’ orientation since the
acceptor region represent the same minus-strand region IV sequences. The last number in
the name of the constructs indicates the length of the primer region that is base paired
(forming between 0 to 20 bp duplexes). Construct R4/14+4 contains a primer region,
which can form a 14 bp duplex and includes 4 noncomplementary nucleotides at the very
3’ end. The RdRp products obtained with R4/14+4 show altered migration properties due
to different melting profile caused by the presence of 4 noncomplementary nucleotides.
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Figure 3.3 Dissecting the role of the length of the primer during primer extension by the
CNV RdRp.  (A) Schematic representation of the templates used in the in vitro assays.
All the templates contain the same acceptor sequence, region III(-), and  a primer with
variable length of paired nt as shown. Sequences are shown in the 3’ to 5’ orientation
since the acceptor region (the underlined sequence plus the gray bar) represents minus-
strand sequences. Constructs Art-5+1 and Art-5+2 contain one or two nonbase-paired
nucleotides at the 3’ end. The numbers below the constructs represent the % of primer
extension obtained with the CNV RdRp as compared to Art-5 (100%). (B) A
representative 8M urea/PAGE analysis of CNV RdRp products obtained with templates
of Fig 3.3A. The primer extension products are marked with arrows. All these RdRp
products are partially RNase I sensitive (not shown). (C) A representative PAGE analysis
of the RdRp product obtained with construct Art-5. The electrophoresis was performed at
700C in the presence of 40% formamide/8M urea in the DCode system (Bio-Rad). Under
this condition, the hairpin-like RdRp product is fully denatured. The left lane shows the
RdRp product without treatment, while the right lanes show RNase I-treated products
(treatment with 10 U and 20 U of RNase I, respectively). Based on the migration of the
RdRp product, we estimate that the untreated primer extension product is close to double
the size of the template, while the RNase I-treated RdRp product is close to template
sized (133 nt and marked with an asterisk).
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Figure 3.4 Dissecting the role of the acceptor region during primer extension by the
CNV RdRp.  (A) Schematic representation of the TBSV-derived templates used in the in
vitro assays. Both templates contain the same primer sequence (Art-5, see Fig 3.3A),
while the acceptor region is either region III(+) or region III(-) in constructs R III(+) and
R III(-). The numbers next to the constructs represent the average % of the primer
extension obtained with the CNV RdRp as compared to RIII(-). A representative 8M
urea/PAGE  analysis of CNV RdRp products using increasing amounts of templates (0.1,
0.2, 0.4, 0.8 and 1.6 mg template). The primer extension products are marked with
arrows. All these RdRp products are partially RNase I sensitive (not shown). (B) The
ability of heterologous acceptor regions to support primer extension by the CNV RdRp.
The templates contain the same primer sequence (Art-5, Fig 3.3A), while the acceptor
region is either MDV(+) or MDV(-). MDV is a 221 nt satellite RNA associated with
Qb bacteriophage (5). A representative 8M urea/PAGE analysis of CNV RdRp products
comparing the levels of primer extension supported by the heterologous acceptor regions
as compared to that of R III(-). The primer extension products are marked with arrows.
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Figure 3.5 Comparison of the ability of artificial acceptor regions to support primer
extension by the CNV RdRp. (A) Top. Schematic representation of templates with
artificial acceptor sequences. Two sets of constructs, termed short and long, respectively,
contain a common 5’ region (underlined with a gray line) to allow for 32P UTP labeling
of the products and an artificial primer region at the very 3’ end (dotted arrow, the actual
sequence is Art-5, Fig 3.3A). The target region (shaded) contains artificial sequences.
Bottom of panel A shows one representative template (construct AU1) with the actual
sequence. Panel (B) shows the sequence and the predicted structure of six different
artificial sequences (shaded) used to replace only the AU1 target sequence in construct
AU1. The common sequence and the primer region are the same in all these constructs.
(C) A representative 8M urea/PAGE analysis of CNV RdRp products using the series of
templates shown in Panel A and B. The primer extension products initiated from the Art-
5 primers are marked with arrows. All these RdRp products are partially RNase sensitive
(not shown). The numbers below the lanes represent the % of primer extension obtained
with the CNV RdRp as compared to R III(-) (100%, see Fig 3.3A).
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Figure 3.6 Comparison of the level of primer extension obtained with the conserved
regions present in DI-72 RNA. (A) These templates contain the same Art-5 primer region
(indicated by a solid arrow, see Fig 3.3A) and the shown acceptor regions. Acceptor
regions representing (+)-strand sequences are shown with black lines above the four
regions (gray boxed) of DI-72 RNA (Fig 3.1), while those representing (-)-strand
sequences are shown with gray lines below. The normalized % values of the levels of
primer extension as compared to that of region III(-) [see construct R III(-) in Fig 3.4] are
shown above the constructs. (B) Constructs of panel B contain the shown acceptor
regions and unique, TBSV-derived primers that can form 14 bp duplexes (indicated by a
dotted arrow and arranged as in panel A). The unique primer regions were obtained by
fusing different inverted repeat sequences derived from the 3’ end of neighboring regions
to the 3’ end of each acceptor region in each construct. The normalized % values of the
levels of primer extension as compared to that of region III(-) (carrying the unique
primer) are shown above the constructs. Other symbols are arranged as in panel A.
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Figure 3.7 Prediction of the probability of replicase-driven template-switching to
generate deletions in tombusviruses. The probability of the deletion events is based on the
results shown in Fig 3.6A and B. The replicase-driven template-switching model of DI
RNA formation in tombusviruses. predicts that three targeted deletion events are required
to generate DI-72-like RNAs from the full-length TBSV genomic RNA. The deletion
events may occur during minus-strand synthesis, during plus-strand synthesis, or both.
The arrows connecting various regions are different since deletion events likely occur
sequentially (step-wise deletion model, (150). Based on the time course of DI RNA
appearance, deletions between region I and region II and between region II and region III
occur more rapidly than deletions between region III and region IV (152). Panels (A) and
(B) show schematically the deletion events occurring either during (-)- or (+)-strand
synthesis.
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CHAPTER IV
SUPPRESSION OF VIRAL RNA RECOMBINATION BY XRN1P
EXORIBONUCLEASE
INTRODUCTION
Human, animal and plant-pathogenic RNA viruses can be subjected to RNA
recombination (1, 3, 70, 156), a process that joins noncontiguous RNA segments
together. The resulting novel combinations of genes, motifs or regulatory RNA sequences
frequently cause dramatic changes in the infectious properties of RNA viruses. Therefore,
RNA recombination can help viruses to escape natural resistance mechanisms and render
antiviral methods ineffective. Indeed, there is a growing number of examples, where
RNA recombination likely contributed to viral outbreaks, such as calicivirus (59),
astrovirus (147), poliovirus (37, 76), denguevirus (54, 157), enterovirus (74, 99),
influenzavirus (64) bovine viral diarrhea virus (37) and the recombinant SARS
coronavirus, a newly-emerged viral pathogen of humans (11, 120, 139). RNA
recombination is also important in virus genome repair, a process that leads to correction
of mistakes introduced during viral RNA replication by the error-prone viral RNA
replicases or due to damage caused by host ribonucleases (1, 3, 70, 96, 156).
Viral RNA recombination is thought to occur when the viral replicase accidentally
switches templates during complementary RNA synthesis (70, 96). Indeed, mutagenesis
of viral replicase proteins affected the sites and frequency of recombination (33, 34, 89).
Moreover, purified viral replicases were found to generate RNA recombinants in vitro in
the presence of added RNA templates (21, 66). However, not all recombinants are due to
template switching, as data supporting the role of an RNA ligation based mechanism has
also been obtained for a small number of RNA viruses (23). Regardless of the
mechanism, host factors likely affect the viral RNA recombination process.
A systematic, genome-wide analysis of host genes, based on the yeast single-gene
deletion library, for their effect on RNA recombination in a tombusvirus [Tomato bushy
78
stunt virus (TBSV)], which is a nonsegmented, small plus-strand RNA virus (155),
identified five host genes, whose absence led to 10-50-fold enhancement in recombinant
accumulation (Serviene et al., personal communication). This study was based on the
ability of yeast to support replication and recombination of a small TBSV replicon (102).
Co-expression of the replicon RNA with the two essential viral replicase proteins (p33
and p92, (155)) resulted in RNA replication in yeast cells, which showed similar
characteristics to plant cell infections (102, 108). In addition, a small number of RNA
recombinants, which were similar to those in plants and plant protoplasts, was detected
suggesting that the wild-type yeast (i.e., parental strain) can support viral RNA
recombination at a level similar to plants.
In this paper, we have tested the role of XRN1 gene, one of the identified host
genes from the genome-wide genetic screen, whose deletion increased TBSV
recombination (Serviene et al., submitted). Because X R N 1  encodes a 5’-3’
exoribonuclease (60, 109), we hypothesized that Xrn1p could be involved in viral RNA
recombination via participating in viral RNA degradation, which could potentially affect
the viral RNA templates available for recombination events. Accordingly, we
demonstrate that Xrn1p is involved in rapid degradation of viral replicon RNA, which
lead to suppression of RNA recombination in the parental yeast strain. In contrast, in
xrn1D strain, the partially degraded replicon RNA accumulates and serves as efficient
templates for RNA recombination. These partially degraded replicon RNAs are generated
by Ngl2p endoribonuclease, which initiates degradation of full-length replicon RNA.
Overall, Xrn1p ribonuclease controls the amount of partially degraded replicon RNAs
generated by Ngl2p, and thus, it suppresses RNA recombination by quickly removing
templates used for RNA recombination events. Altogether, our results establish that the
host-mediated viral RNA turnover is a major factor in viral RNA recombination.
RESULTS
Rationale: A genome-wide screen of yeast genes led to the identification of
XRN1 gene, which codes for a cytoplasmic 5’-3’ exoribonuclease (60, 109), as one of 9
host genes affecting TBSV recombination (Serviene et al, submitted). The above work
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revealed that deletion strain xrn1D of yeast accumulated not only the TBSV replicon
RNA, but new recombinant RNAs as well (Fig 4.1A). These recombinant RNAs were
abundant, reaching up to ~50-fold higher levels in xrn1D than in the parental yeast strain
(Fig 4.1B). The recombinant RNAs had duplication of 3’ sequences and deletion of 5’
replicon RNA sequences, which resulted in incomplete dimeric recombinant RNAs (Fig
4.1A). Based on the involvement of Xrn1p 5’-3’ exoribonuclease and the nature of
junction sequences, we hypothesized that viral RNA degradation was slow in xrn1D cells,
which then led to accumulation of incomplete 5’-3’ viral RNA degradation products. This
in turn might promote viral recombination if the incompletely degraded replicon RNAs
could serve as efficient templates for recombination events, resulting in generation of
abundant dimeric recombinant viral RNAs.
Accumulation of partially degraded viral RNAs in xrn1D cells. To dissect the role of
XRN1 in recombination of the TBSV replicon, first we searched for the presence of
putative partially degraded viral replicon RNAs, which are predicted to serve as
recombination intermediates in xrn1D yeast. We performed Northern blotting analysis
with probes specific for 5’ and 3’ replicon sequences using total RNA samples obtained
from cells actively replicating DI-72 replicon RNA. As predicted, we observed the
accumulation of abundant amount of partially degraded 3’ fragments of viral RNAs (3’Fr
replicon), which were shorter than DI-72 replicon RNA in xrn1D cells (Fig 4.1B-D). In
contrast, accumulation of 3’Fr RNA was barely detectable in the parental yeast cells (Fig
4.1C). Surprisingly, however, we also detected 5’ fragments of DI-72 replicon RNAs
(5’Fr replicon), which were abundant in both the parental and xrn1D cells (Fig 4.1D). The
corresponding 5’ sequences were missing in the recombinants RNAs (Fig 4.1D),
suggesting that the observed 5’ fragments of DI-72 replicon RNA did not participate in
viral recombination events (see Discussion).
 To find out the possible relationship between these partially degraded replicon
RNAs and the recombinant RNAs, we determined their sequences using gels isolated
RNAs and RT-PCR, 3’RACE (rapid amplification of complementary ends) and 5’RACE,
followed by cloning and sequencing .The 3’Fr replicon RNAs had 5’ deletions ranging
from 172-376 nt from the 5’ end of the replicon RNA (Fig 4.2). Interestingly, the
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deletions removed the entire RI and part of RII sequences of DI-72 replicon RNA [which
contains four noncontiguous regions RI-to-RIV derived from the TBSV genomic RNA
(152)]. Altogether, the 5’ terminal sequences in 3’Fr replicon RNAs resemble the
sequences present at the 5’ ends and at the recombination junctions in the recombinant
RNAs, supporting the model that the partially degraded 3’Fr replicon RNAs are likely
involved in RNA recombination events as intermediates. This is because recombination-
driven joining of two partially degraded 3’Fr replicon RNAs in a head-to-tail fashion
would give rise to the generation of recombinants identified in xrn1D cells (Fig 4.1A).
In contrast, the 5’Fr replicon RNAs from both wt and xrn1D cells contained RI
sequences and short stretches from RII (Fig 4.2). Thus, sequences present in 3’Fr and
5’Fr replicon RNAs did not overlap significantly (Fig 4.2). The presence of
nonoverlapping 5’Fr and 3’Fr replicon RNA in xrn1D cells suggests that they were
generated via a cleavage within RII sequences by a putative endoribonuclease of the
replicon RNA, instead of incomplete degradation from either the 5’ or 3’ ends by
exoribonucleses in parental and xrn1D cells.
3’Fr replicon RNAs serve as substrates for RNA recombination in xrn1D cells and
in plant protoplasts. To test if the 3’Fr replicon RNA could participate in
recombination, we co-expressed it together with p33 and p92 replicase proteins in wt and
xrn1D yeast. As predicted above, total RNA extracts obtained from xrn1D yeast cells
expressing one of two different 3’Fr replicon RNAs (DI-DRI and DI-D69RII) contained
abundant amount of recombinant RNAs (Fig 4.3A).  These recombinants represented
head-to tail dimers (Fig 4.3A). Sequencing the junctions in these recombinants confirmed
that the expressed 3’Fr replicon RNAs indeed participated in RNA recombination (data
not shown). Interestingly, the longer DI-DRI RNA generated shorter DI RNAs that
carried additional 60-150 nt deletions from the 5’ end of RII (Fig 4.3A, sequences are not
shown). These shorter 3’Fr replicon RNAs participated in generation of recombinants
with higher frequencies than the originally expressed DI-DRI RNA (not shown).
However, unlike in case of full-length DI-72 replicon RNA, the control parental yeast
also generated abundant recombinants when it expressed either of the two 3’Fr replicon
RNAs (Fig 4.3A). The abundant recombinant RNA accumulation in the parental strain
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suggests that the presence of plentiful 3’Fr replicon RNA promotes RNA recombination
events. Overall, these data suggest that the 3’Fr replicon RNA can serve as a
recombination intermediate (substrate) during RNA recombination events, leading to the
formation of partially dimeric recombinant RNA. In addition, the observation that the wt
parental strain can support efficient recombination when expressing a 3’Fr replicon RNA,
but not when expressing the full-length DI-72 replicon RNA, suggests that the efficiency
of generation and/or stability of partially degraded 3’Fr replicon RNAs from full-length
DI-72 RNA is different in the parental yeast from that in the xrn1D yeast cells.
To test if 3’Fr replicon RNAs can also serve as a recombination intermediate in
plant cells, we separately electroporated three 3’Fr replicon RNAs into Nicotiana
benthamiana protoplasts. The wt CNV genomic RNA was also co-electroporated to these
cells to serve as a helper virus (which produces the replicase proteins) for the
replication/recombination of the 3’Fr replicon RNAs (132). Total RNA extracts obtained
from protoplasts 24 hours after electroporation contained not only the replicating 3’Fr
replicon RNAs, but novel dimeric recombinant RNAs, too, in case of two of the three
3’Fr replicon RNAs (Fig 4.4). The amount of 3’Fr replicon RNAs and recombinant
RNAs increased over time (Fig 4.4). Sequencing the junctions in these recombinants
revealed that they consisted of head-to-tail dimers, similar to the recombinants obtained
in yeast cells (data not shown). Similar to its replication in the parental yeast, DI-DRI also
generated a shorter, DI-D69RII-sized replicating RNA in N. benthamiana protoplasts
(compare with Fig 4.3A and B), suggesting that the evolution/replication of DI-DRI RNA
is similar in these hosts. Construct DI-D179RII did not replicate and generate
recombinants in N. benthamiana protoplasts (Fig 4.4), suggesting that this RNA lacks an
important cis-acting element. The stability of all three 3’Fr replicon RNAs were
comparable in N. benthamiana protoplasts (Fig 4.4), supporting the model that the
differences among these constructs are due to their different abilities to support
replication/recombination. Overall, these experiments demonstrated that some 3’Fr
replicon RNAs can participate in similar recombination events in both yeast and plant
cells.
Altogether, the above data support the model that 3’Fr replicon RNAs are
generated via partial degradation of the full-length DI-72 replicon RNAs in cells and
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these 3’Fr replicon RNAs can efficiently participate in RNA recombination. Due to the
central role of 3’Fr replicon RNAs in viral recombination, we examined the proposed
roles of host endoribonucleases and Xrn1p in generation and degradation of 3’Fr replicon
RNAs and their effects on tombusvirus recombination below.
Ngl2p endoribonuclease can generate 3’Fr replicon RNAs in vivo and in vitro. Based
on detection of nonoverlapping 5’Fr and 3’Fr replicon RNAs from the full-length DI-72
replicon RNA (Figs 4.1-2), we predicted that a putative endoribonuclease might be
involved in selective cleavage of the full-length replicon RNA. To this end, we selected
Ngl2p from a small group of known cytoplasmic endoribonucleases for further studies,
because it is abundant and located in the cytoplasm (30). Over-expression of Ngl2p in
either ngl2D or xrn1D cells replicating DI-72 replicon RNA resulted in increased level of
RI-containing degradation product (Fig 4.5). The observed partially degraded product
was comparable in size to the previously characterized 5’Fr replicon RNA (Figs 4.2 and
4.5), supporting the model that Ngl2p is involved in selective degradation of DI-72
replicon RNA that results in 5’Fr and 3’Fr replicon RNAs (Fig 4.5). Similarly to the
above data, over-expression of Ngl2p in either ngl2D or xrn1D cells increased the amount
of the 3’ degradation products of DI-72 replicon RNA.  Altogether, the increased levels
of 5’Fr and 3’Fr replicon RNAs in yeast overexpressing Ngl2p are consistent with the
model that Ngl2p is involved in TBSV RNA degradation in yeast. In addition, cleavage
of the full-length DI-72 replicon RNA by Ngl2p likely generates 3’Fr replicon RNAs,
which could then stimulate RNA recombination if saved from rapid degradation (i.e., in
xrn1D cells).
To test if Ngl2p can also cleave DI-72 RNA in vitro, we affinity purified a flag-
tagged Ngl2p from over-expressing yeast cells, followed by in vitro nuclease assay with
32P-labeled DI-72 (+) RNA template (Fig 4.6). Under standard conditions (Materials and
Methods), Ngl2p was found to cleave DI-72(+) RNA efficiently in vitro, resulting in
three major cleavage products. Based on reverse-transcription with a 5’-labeled primer,
we estimated that Ngl2p cleaved DI-72 RNA at several positions within RI and RII (Fig
4.6). Overall, these in vitro and in vivo experiments support the model that the Ngl2p
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endoribonuclease can specifically cleave DI-72(+) RNA, which then could result in 3’Fr
replicon RNA substrates for RNA recombination.
Redundant endoribonucleases are involved in cleavage of replicon RNA in yeast. To
test if Ngl2p is the only endoribonuclease of yeast capable of cleaving the replicon RNA,
we tested viral RNA degradation in ngl2D cells (Fig 4.5). These experiments
demonstrated that ngl2D  cells, similar to the parental yeast cells, produced the
characteristic RI-sized cleavage products of the DI-72 replicon RNA, suggesting that
yeast has functionally redundant endoribonucleases (possibly Ngl1p and Ngl3p and
others). In addition, we have previously detected viral RNA recombinants close to
parental level in ngl2D cells (Serviene et al., submitted). Therefore, we conclude that not
only Ngl2p, but other endoribonucleases, are likely involved in viral RNA
degradation/recombination in yeast. The combined activity of these endoribonucleases
produces the 3’Fr replicon RNAs (recombination substrates), leading to rapid
recombinant accumulation in xrn1D cells.
Xrn1p exoribonuclease can degrade 3’Fr replicon RNAs in vitro. Based on (i) the
abundance of the full-length DI-72 RNA and its 5’ fragment generated by the
endoribonuclease cleavage (Fig 4.5) both in the parental and in xrn1D cells, and (ii)
abundance of 3’Fr replicon RNA only in xrn1D cells, but not in the parental cells, we
predicted that Xrn1p is likely involved in rapid degradation of 3’Fr replicon RNA, but
not the full-length DI-72 RNA. To test the activity of Xrn1p on DI-72(+) RNA templates,
we affinity-purified Xrn1p as a TAP-fusion from yeast cells (112). The obtained Xrn1p
preparation was used to digest 32P-labeled, in vitro transcribed DI-72-derived RNAs (Fig
4.7). These in vitro experiments demonstrated that 3’Fr replicon RNA carrying
monophosphate (the expected product of an endonuclease cleavage) at its 5’ end was
quickly degraded by Xrn1p. On the contrary, full-length DI-72(+) RNA, regardless of the
presence of either mono- or triphoshate at its 5’ end, was more resistant to Xrn1p under
the conditions tested. Overall, these in vitro experiments established that Xrn1p is able to
rapidly degrade only the 3’Fr replicon RNA, but not the full-length DI-72 RNA.
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To test if Xrn1p could degrade DI-72(+) RNA after cleavage with Ngl2p, we
treated DI-72(+) RNA with Ngl2p and Xrn1p (obtained from A. Johnson), followed by
primer extension with RT (Fig 4.6). As expected, the amounts of Ngl2p-cleaved DI-72(+)
RNA products were decreased in the presence of Xrn1p. These data from the in vitro
experiments are consistent with the model that Xrn1p is able to rapidly degrade
endoribonuclease-cleaved replicon RNA products.
Xrn1p is a suppressor of viral RNA recombination in vivo. To test if Xrn1p can
suppress TBSV RNA recombination, we overexpressed it in either the parental or in
xrn1D cells, also co-expressing DI-72(+) replicon RNA and p33/p92 replication proteins
(Fig 4.8A). Overexpression of Xrn1p in the parental yeast dramatically reduced DI-72
RNA replication, suggesting that (i) Xrn1p is indeed playing an important role in stability
of TBSV RNAs; and (ii) its overexpression can lead to development of resistance against
tombusviral RNAs. Similar inhibitory effect on tombusvirus replication was also
observed in parental yeast cells overexpressing Xrn1p, when a different replicon RNA
(i.e., DI-AU-FP, Fig 4.8B) was expressed. Interestingly, yeast cells overexpressing Xrn1p
were not getting sick, indicating that the resistance is selective against the tombusviral
RNA.
On the contrary, expression of Xrn1p in xrn1D cells did not reduce the level of DI-
72 replicon RNA, whereas it reduced the amount of recombinant RNAs as well as the
amount of 3’Fr-like partially degraded replicon RNAs (Fig 4.8). Similarly, expression of
Xrn1p inhibited the accumulation of recombinant RNAs and partially degraded products
in xrn1D cells expressing the highly recombinogenic DI-AU-FP RNA (Fig 4.8B).
Altogether, these data established that Xrn1p has major effects on accumulation of both
viral recombinant RNAs and partial viral RNA degradation products.
DISCUSSION
In contrast to recent advances in our understanding of host factors and RNA virus
replication, (2), the role of host proteins in viral RNA recombination is currently
unknown. Putative host factors, however, are expected to affect RNA recombination in
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multiple ways by (i) influencing the amount of viral RNA templates available, which
could be a factor in affecting the frequency of recombination (21, 66, 84); (ii) additional
features of RNA templates, such as full-length, truncated and/or modified RNA (21, 66);
and (iii) the characteristics of the viral replicases, which are proposed to drive most of
RNA recombination events (33, 34, 89, 107). In this paper, we were particularly
interested in XRN1 gene that has been identified previously during a systematic genome-
wide screen as one of 9 host factors affecting tombusviral RNA recombination. We
reasoned that Xrn1p, due to its 5’-3’ exoribonuclease activity, might affect the amount
and/or nature of the viral RNA templates available for RNA recombination.
 The vastly increased accumulation of viral RNA recombinants in xrn1D cells in
comparison with the parental yeast cells and the inhibition of recombinant RNA
accumulation in Xrn1p overexpression strains establish that Xrn1p is a strong suppressor
of the viral RNA recombination process. Based on multiple in vivo and in vitro assays,
the likely role of Xrn1p is to reduce recombination frequency by rapidly degrading the
preferred recombination substrates, which are 5’ truncated 3’Fr replicon RNAs.
Accordingly, over-expression of the 3’Fr replicon RNAs in the parental yeast or in plant
protoplasts, which likely resulted in overwhelming of the host RNA degradation
machinery [which is based on Xrn1p in yeast (60, 109) and Xrn4p in plants (138)], led to
efficient viral recombination (Fig 4.3-4).  This suggests that high levels of recombination
substrates are sufficient to produce viral RNA recombinants in wt or mutant host
background. In contrast, we found that the full-length DI-72 replicon RNA was more
resistant against Xrn1p degradation in vitro, suggesting that Xrn1p selectively degrades
partially cleaved and/or incomplete replicon RNAs. In addition, the above data suggest
that the highly structured RI sequence present at the 5’ end of the TBSV replicon RNA
seems to be somewhat resistant against Xrn1p-mediated 5’-3’ RNA degradation.
Therefore, we propose that Xrn1p affects replication/recombination of the TBSV replicon
by (i) preferably degrading partial RNA degradation products and (ii) reducing their
chances in participation of RNA recombination; and (iii) maintaining the most stable full-
length DI-72 replicon RNA. These multiple roles for Xrn1p demonstrate that host Xrn1p
exoribonuclease plays a significant role during replication/recombination of
Tombusviruses in yeast. Because a similar 5’-3’ exoribonuclease, named Xrn4p, with
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comparable functions has been identified and characterized from Arabidopsis, it is likely
that this exoribonuclease plays analogous roles in plants against tombusviruses and
possibly other RNA viruses, too.
The nature of the partially degraded replicon RNA products, which represented
both 5’ and 3’ fragments, in xrn1D cells, led to the model that a host endoribonuclease(s)
is likely involved in their generation from the full-length replicon RNA. Accordingly,
over-expression of the Ngl2 endoribonuclease resulted in increased amounts of partially
degraded replicon RNAs in vivo (Fig 4.5). Moreover, the purified Ngl2 was able to
cleave the replicon RNA in vitro, generating the expected-sized cleavage products. These
observations are consistent with the role of Ngl2p in tombusviral RNA degradation.
A model on the roles of host ribonucleases in viral RNA recombination: Based on our
in vivo and in vitro studies, we propose that Ngl2 endoribonuclease and Xrn1p 5’-3’
exoribonuclease together affect viral RNA recombination. First, selective cleavage of the
full-length DI-72(+) RNA within RII sequence by Ngl2 produces 5’ and 3’ fragments, the
latter of which is important for RNA replication/recombination. Subsequently, the 3’
fragment of DI-72 RNA could be quickly degraded by Xrn1p in the parental yeast strain,
thus reducing its chance to participate in RNA recombination events (Fig 4.9). Thus,
Xrn1p basically acts as a suppressor of RNA recombination. In the absence of Xrn1p,
however, the 3’ fragment (i.e., 5’ truncated) of the replicon RNA accumulates to higher
levels due to (i) the ongoing Ngl2 cleavage of the full-length replicon RNA; (ii)
replication of the generated 5’ truncated replicon RNA; and (iii) lack of Xrn1p-mediated
degradation of the 5’ truncated replicon RNA. The resulting increased amount of 5’
truncated replicon RNA could then serve as efficient template for RNA recombination.
Overall, our model predicts that the combined activities of Ngl2p and Xrn1p
ribonucleases control the amounts of available recombination substrates and thus, the
frequency of RNA recombination events.
General conclusions: We have dissected for the first time the role of host factors in viral
RNA recombination, which is a major process in virus evolution. This study establishes
that Xrn1p 5’-3’ exoribonuclease acts as a suppressor of viral RNA recombination. In
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addition, the combined activities of Ngl2p endoribonuclease and Xrn1p control the
amounts of partially degraded replicon RNAs, which affect RNA recombination by
serving as templates during recombination events. Thus, our results suggest that the host-
mediated viral RNA turnover is a major factor in viral RNA recombination.
MATERIALS AND METHODS
Yeast strains and expression plasmids
Saccharomyces cerevisiae strain BY4741 (MATa his3∆1 leu2∆0 met15∆0 ura3∆0) and
the haploid deletion series (BY4741 strain background) were from Open Biosystems
(Huntville, AL). The expression plasmids pGBK-His33 (carrying p33 gene of Cucumber
necrosis virus, a closely related virus to TBSV behind the ADH1 promoter and HIS3
marker), pGAD-His92 (containing CNV p92 gene behind the ADH1 promoter and LEU2
marker), and pYC/DI-72 (expressing TBSV DI-72 RNA under the control of GAL1
promoter and URA3 marker gene) have been previously described (102, 108). Each yeast
strain was co-transformed with all of the above three plasmids using LiAc/ssDNA/PEG
method (43) and transformants were selected by complementation of auxotrophic
markers. Out of 4848 strains, we found that 71 were not transformable and 229 strains
did not grow on galactose-containing medium. Therefore, total of 4548 strains were
tested for RNA recombination below.
Yeast cultivation:
Each transformed yeast strains from the YKO library were cultured under two different
conditions during the genome-wide screen for RNA recombinants. The first screen
included yeast strains grown in 96-deep-well plates at 23oC in selective media (SC-ULH-)
with 2% galactose until reaching cell-density of 0.8-1.0 (OD600).  For the second screen,
the yeast strains were grown in 96-deep-well plates at 23oC for 6h in selective media
(SC-ULH-) with 2% galactose, followed by 1:10 dilution with SC-ULH- medium
containing 5% glucose. Then, the cells were grown for 24h at 23oC, followed by
additional dilution (1:10) and subsequent culturing until cell density reached 0.8-1.0
(OD600). Yeast cells were harvested by centrifugation at 1,100g for 5 min.
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High-throughput RNA analysis
Genome-wide screen of the YKO library included 3-4 independent samples per each
strain. Total RNA isolation and Northern blot analysis were done as previously described
(102), except using a high throughput approach. Briefly, yeast cells in 96- deep-well
plates were resuspended by vigorous shaking for 2 min at room temperature with 1:1
mixture of RNA extraction buffer (50mM sodium acetate, pH 5.2, 10mM EDTA, 1%
SDS) and phenol, followed by incubation for 4 min at 65oC. After removal of phenol, the
RNA was recovered by ethanol precipitation. The obtained total RNA samples were
separated in 1.5% agarose gel and transferred to Hybond-XL membrane (Amersham)
(132). For detection of plus-strand DI RNAs, 32P-labeled RNA probe representing RIII
(Fig 4.1B) was prepared by T7 transcription from PCR-generated cDNA, which was
amplified with primers #1165 – (AGCGAGTAAGACAGACTCTTCA) and #23 –
(GTAATACGACTC ACTATAGGGACCCAACAAGAGTAACCTG). Total RNA
obtained from selected strains was also analyzed by Northern blotting using a probe
representing RI of DI-72 (data not shown) obtained from PCR template (primers #15
GTAATACGACTCACTATA GGGCATGTCGCTTGTTTGTTGG and #20 GGAAATT
CTCCAGGATTTCTC were used for amplification). For negative-strand detection (data
not shown), yeast total RNA obtained from selected strains was separated in denaturing
5% polyacrylamide/8M urea gel as described previously (103). The probe used
represented RIII-RIV of DI-72, which was prepared from PCR-amplified DNA template
obtained with primers #18 (GTAATACGACTCACTATAGGAGAAAGCG
AGTAAGACAG) and #157 (GGGCTGCATTTCTGCAATGTTCC).
RT-PCR analysis of the junction sites in the recombinants
We have used both yeast total RNA extracts and gel-isolated recombinants for reverse
transcription (RT-)PCR reactions to specifically amplify regions covering junction sites
(data not shown). First, the RT reaction included primer #14 (GTAATACGACTCACTA
TAGGGTTCTCTGCTTTTACGAAG) for cDNA synthesis, followed by PCR with
primers #168 (TCGTCTTATTGGACGAATTCCTGTTTACGAAAG) and #270
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(TTGGAAATTCT CCTTCAGTCTGAGTTTGTGGA). The PCR products were cloned
into pGEM-T Easy vector (Promega) and sequenced with M13 Reverse Primer (21).
5’RACE and 3’RACE of recombinants
The 5’ sequences of recombinants were determined by using 5’RACE (rapid
amplification of cDNA ends). To enrich for recombinants, RNA bands were gel-isolated
as described previously (21). The methods used for 5’RACE was based on the GC-rich
sequence protocol of 5’RACE (Invitrogen). The TBSV DI-72 sequence specific primer
(#116, GTAATACGACTCACTATAGGACACCTAACTTTCGT), which anneals to the
5’ end of RIV(+) was used to amplify the first-strand cDNA, followed by dA-tailing of
the cDNA. Second-strand cDNA was synthesized by using 3’ RACE adaptor primer
(3’RACE Ap, Invitrogen). A nested primer (#291, GTAATACGACTCACTATAGG
AACCTGTATGCTATGCC), which anneals to RIII(+) of DI-72 and the Abridge
Universal Amplification Primer (AUAP, Invitrogen) were used for first PCR, followed
by a second PCR using primers AUAP and #14, which anneals to RII(+).
The 3’ sequences of recombinants were analyzed by using 3’RACE from the same
RNAs used for 5’ RACE. Purified RNAs were first polyadenylated (Poly(A) polymerase,
USB), followed by cDNA synthesis with primers AUAP and #18, which anneals to RIII(-
) of DI-72. The resulting products were cloned and sequenced as mentioned above.
PCR amplifications from yeast DNA
To exclude the possibility that the production of recombinant RNAs was due to undesired
plasmid recombination in selected yeast strains, we performed PCR on plasmid DNA
samples (data not shown). The plasmid DNAs were isolated from selected yeast strains
(data not shown) using spheroplast buffer (1.2M sorbitol, 0.1M EDTA, 1% b-
mercaptoethanol and 0.1% zymolyase). After incubation at 37°C for 30 min, 500 ml
protease K buffer (0.05M EDTA, 0.3% SDS, and 50 mg protease K) was added, followed
by incubation at 65 °C for 30 min. Then 200 ml of 5M potassium-acetate was added and
incubation continued on ice for 10 min, followed by centrifugation at 10,000 rpm for 15
min. The samples were precipitated with ethanol and resuspended in TE buffer and
digested with RNase A for 30 min, followed by phenol/chloroform extraction and ethanol
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precipitation. PCR amplification included primers #14 and #168. Additional (not shown)
control PCR amplifications contained primers #14 - #270 and #1163 - #168 for analysis
of other putative recombinants. None of these experiments detected recombinant DNA
products, excluding the possibility that recombination took place at the DNA level.
In vitro Tombusvirus replicase assay
To demonstrate that the generated viral RNA recombinants are functional in yeast, we
performed an in vitro replicase assay that included the co-purified (endogenous) RNA as
described by Panavas and Nagy (101). Briefly, cells of selected yeast strains expressing
the viral replicase proteins together with yDI-72 RNA were harvested by centrifugation
and homogenized in liquid nitrogen by grinding with mortar and pestle.  After
resuspension in a buffer containing 50 mM Tris-HCl, pH 8.0, 15 mM MgCl2, 10 mM
KCl, 10 mM b-mercaptoethanol, and 200 mM sorbitol,  the intact cells were removed by
centrifugation for 3 min at 100g.  This was followed by a second centrifugation at 21,000
g for 15 min.  The obtained pellet (“membraneous fraction”) was used for a standard in
vitro replicase (RdRp) reaction in the presence of 32P-labeled UTP. The obtained RdRp
products were separated in 5% acrylamide/8M urea gels.
Protoplast inoculation
Five different constructs with different 5’ end deletion from CNV genomic RNA were
inoculated to N. benthamiana protoplasts. Constructs D27, D33, D138 and D171 were
PCR amplified from CNV/20k stop plasmid. Samples were harvested for total RNA
extraction in 20 or 40 hrs after inoculation. Similar amount (about 1 ug/sample) of each
transcript was used for eletroporation.
N. benthamiana protoplasts were isolated as described previously (106). Briefly,
N . benthamiana callus was treated with 0.5 g of cellulysin and 0.1 g of macerase
(Calbiochem) for 4.5 h in protoplast incubation medium at 25°C and then washed twice
with 0.5 M mannitol and once with electroporation buffer (10 mM HEPES, 10 mM NaCl,
120 mM KCl, 4 mM CaCl2, 200 mM mannitol). For electroporation, we used 5 X105
protoplasts, 5 mg of CNV gRNA, and 1 mg of DI RNA. Electroporation was performed
with a Gene Pulser II (Bio-Rad) at a voltage of 0.2 kV and a capacitance of 0.5 mF. After
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electroporation, the samples were left on ice for 30 min and then 1.8 ml of protoplast
culture medium was added. Protoplasts were incubated in petri dishes (35 by 10 mm) in
the dark until harvested.
XRN1 purification from yeast
From yeast Tandem Affinity Purification (TAP)-fusion library (Open Biosystems), the
TAP-fusion XRN1 was single-step purified by calmodulin affinity resin  (Stratagene)
(112). Briefly, yeast with TAP-fusion XRN1 was cultured in 300 ml YPD medium for
overnight. Yeast was pelleted and washed with water once and pelleted again. After that,
yeast  was resuspended in 1 ml water and transferred to eppendorf tube. Yeast was
pelleted and removed the supernatant. I grinded yeast into powder with liquid nitrogen
then added 2 ml RdRp buffer (10 mM Tris pH8.2, 10 mM MgCl2 ,10mM DTT) and
vortexed for 5 mins followed by centrifigation at 1000 rpm for 2 mins to remove
unbroken cells. The supernatant was transferred to a new eppendorf and centrifuged at
15000 rpm for 15 mins. The supernatant was used for further purification. 300 ml
calmodulin resin was equilibrated  with 5 ml IPP150 calmodulin-binding buffer (10mM
b-mercaptoethanol, 10mM Tris-Hcl pH8.0, 150mM NaCl, 1mM magnesium acetate,
1mM imidazole, 2mM CaCl2, 0.1% NP-40), rotated in coldroom for 5 mins and drained
out the solution. The supernatant mentioned above plus three times volume IPP150
calmodulin-binding buffer was added into the resin and rotated in coldroom for 2hrs.
After draining out the liquid, I washed three times with 10 ml IPP150 calmodulin-binding
buffer, and eluted with 1 ml IPP150 calmodulin elution buffer (10mM b -
mercaptoethanol, 10mM Tris-Hcl pH8.0, 150mM NaCl, 1mM magnesium acetate, 1mM
imidazole, 2mM EGTA, 0.1% NP-40).
The fractions were ran in 10% SDS PAGE and silver stained. A product around
200 kDa was detected for TAP-fusion XRN1.
RNA preparation for XRN1 in vitro assay
DI-72 (+) and DI-R234 (+) with 5’-triphosphate or 5’-monophosphate were synthesized
by T7 polymerase and labeled with 32P-UTP. For 5’-triphosphate RNAs, reactions were
carried by 10 mM ACGTP and 1 mM UTP; 5’-monophosphate RNAs were generated by
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T7 polymerase with 10 mM ACTP plus 10mM GMP and 0.5 mM GTP. All transcripts
were cleaned by MicroBio-Spin columns P-30 (Promega) prior to XRN1 in vitro assay.
In vitro XRN1p assay
5’-triphosphate or 5’-monophosphate RNAs were used for XRN1p in vitro assay.
Different amount of XRN1p and different incubation time were tested. In general, about
2 pmol of 32P-labeled RNAs were used as substractes in total 70 ml buffer containing 10
unit of RNAase inhibitor (Amersham) and BSA, the reactions were carried at 37°C for
various time and stopped by phenol/chloroform extraction. The same calmodulin
purifying procedure was taken to purify from wild type yeast strain and used as a
negative control.
Reverse transcription for in vitro NGL2p assay
Plus-stranded DI-72 RNAs were gel-isolated as described previously (22). About 1mg of
RNAs was used for 1 ml of NGL2p digestion in the present of buffer (50mM Tris-HCl pH
7.5, 10mM MgCl2, 100mM NaCl, 0.1mg/ml BSA) and yeast tRNA (0.1 mg). Reactions
were carried at 25 °C for 10 mins followed by phenol/chloroform and precipitation with
3ml glycogen. For samples followed by XRN1p digestion, 1 ml of XRN1-His6 (a gift
from Dr. Arlen W. Johnson) and 10 units of RNase inhibitor was added and incubated at
37 °C for 20 mins followed by phenol/chloroform and precipitation with 3ul glycogen.
Pellet was dissolved in 5 ml ddH2O, take 1ul for RT reaction. 32P-labeled primer 1163
(CCCGA AGCTTCCCAACAAGAGTAACCTGTA TGCT) was used for RT reactions
using Super Scrip II reverse transcriptase (Invitrogen). After 60 mins at 50 °C, the RT
reactions were stop by adding 2X loading dye and directly ran in 5% denaturing PAGE.
Plus-stranded DI-72, R2d1, R2d69, R2d179 T7 transcripts were used for RT reaction as
size controls.
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Figure 4.1 Accumulation of partially degraded replicon RNAs in xrn1D yeast. (A)
Schematic representation of the DI-72 replicon RNA and the newly generated
recombinant RNAs. The recombinant RNAs contain partially duplicated sequences from
the 3’ half of DI-72 replicon RNA joined in a head-to-tail fashion. (B) Ethidium bromide
stained agarose gel of total RNA extracts obtained from two yeast strains showing the
accumulation of DI-72 replicon RNA (white arrowhead), the recombinant RNA (open
arrowhead) and putative partially degraded replicon RNAs (closed arrowhead). The yeast
cells co-expressed DI-72 RNA, and p33/p92 replication proteins. Northern blot analysis
of total RNA extracts with a 32P-labeled RNA probe specific for RIII (C) or RI (D). The
samples are the same as in panel B.
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Figure 4.2 Terminal sequences of the partially degraded replicon RNAs. Top: The
original replicating DI-72 replicon RNA and the partially degraded RNA products are
shown schematically. Bottom, left, 3’ terminal sequences in the 5’Fr replicon RNA
product were obtained with 3’RACE from xrn1D or the parental yeast strains. The
terminal sequences represent either RI or RII sequences as indicated. Bottom, right, 5’
terminal sequences in the 3’Fr replicon RNA product were obtained with 5’RACE from
xrn1D strains. The missing 5’ sequences are shown with numbers behind D, whereas the
new 5’ sequences are also shown. Small leters indicate nonviral sequences.
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Figure 4.3 Efficient generation of viral recombinants from 3’Fr replicon RNA in yeast.
Two representative 3’Fr replicon RNAs were separately expressed in yeast (together with
p33/p92) from GAL1 promoter. Northern blot analysis of the total RNA obtained 24
hours after induction with galactose reveals the expressed 3’Fr replicon RNAs (black
arrowheads). The newly generated recombinants are bracketed. Asterisk indicates that
DI-DRI RNA also generated a partially degraded RNA (DI-D69RI-like RNA) in the
parental and xrn1D strains.
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Figure 4.4 N. benthamiana protoplasts also support generation of viral recombinants
from 3’Fr replicon RNAs. Three representative 3’Fr replicon RNAs (missing RI and
portion of RII as indicated in their names) were co-electroporated with CNV helper virus
into protoplasts. Northern blot analyses of the total RNA obtained 20 hours (top image)
and 30 hours (bottom image) based on RIII-specific probes reveal two of the
electroporated 3’Fr replicon RNAs (open arrowheads) replicated in the presence of the
helper virus (left side of the image). The newly generated recombinants are indicated by
black arrowheads. Asterisk indicates partial degradation products (DI-D69RI-like RNAs).
Note that the electroporated 3’Fr replicon RNAs show similar levels of stability in the
absence of replication (no helper virus, the right side of the image).
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Figure 4.5 Overexpression of Ngl2p endoribonuclease leads to increased levels of 5’Fr
and 3’Fr replicon RNAs in yeast. (A) Northern blot analyses of total RNA extracts
obtained from either ngl2D or xrn1D strains not expressing (-) or expressing Ngl2p. The
probe was specific for RI (i.e., 5’Fr replicon RNA). The positions of the expressed DI-72
replicon RNA and the generated 5’Fr replicon RNA are shown. (B) Northern blot
analysis of the above RNA samples with probe specific for RIII (i.e., 3’Fr replicon RNA).
Part of the gel is shown after longer exposure to visualize less intense bands on the blot.
See additional description in panel A.
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Figure 4.6 The Ngl2p cleaved DI-72(+) replicon RNA is sensitive to Xrn1p. The full-
length DI-72 replicon RNAs carrying 5’ triphosphate was treated with affinity-purified
Ngl2p, followed by treatment with Xrn1p. Reverse transcription in the presence of 32P
labeled dNTP is used to detect partially degraded RNAs with different 5’ termini. The
partial Ngl2p cleavage products are marked with arrowheads, whereas RT pausing sites
are shown with asterisks. The three samples on the right are molecular size markers.
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Figure 4.7 Degradation of replicon RNAs by Xrn1p in vitro. (A) Demonstration of the
exoribonuclease activity of the affinity-purified Xrn1p in vitro. The template was 32P-
labeled DI-DRI carrying monophosphate at the 5’ end. Comparison of sensitivity of the
full-length DI-72 and DI-DRI replicon RNAs carrying either 5’ monphosphate (B) or 5’
triphosphate (C) to degradation by Xrn1p in vitro. The amount of Xrn1p used is shown at
the top.
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Figure 4.8 Overexpression of Xrn1p inhibits replication and recombination in yeast. The
co-expressed replicon RNA was either (A) DI-72 or (B) DI-AU-FP replicon RNAs,
shown schematically above the images. Northern blot analysis was done as in Fig 4.1(C)
with RIII-specific probe. The DI-72 replicon RNAs, the recombinants and partially
degraded 3’Fr replicon RNAs are marked. The two yeast strains were parental (left
panels) or xrn1D (right panels) strains.
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Figure 4.9 A model of suppression of tombusviral RNA recombination by Xrn1p in
yeast. (A) The DI-72 replicon RNA replicates in the parental strain (left panel) or in the
xrn1D strain (right panel): (B) During or after replication of DI-72 replicon RNA, a host
endonuclease, such as Ngl2p, cleaves some of the viral RNA (marked by arrows),
producing 5’Fr and 3’Fr replicon RNAs. (C) These cleaved RNA products will then be
rapidly removed by the host Xrn1p exoribonuclease in the parental strain. On the
contrary, the 5’Fr and 3’Fr replicon RNAs are only slowly degraded in the xrn1D strain
(right panel). (D) The rapid removal of the recombination substrates inhibits viral RNA
recombination in the parental strain. However, the abundant 3’Fr replicon RNAs will
participate in replicase-driven recombination events in xrn1D strain.
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CHAPTER V
RAPID RNA VIRUS EVOLUTION IN PLANTS IS DRIVEN BY OVER
EXPRESSION OF ATXRN4
INTRODUCTION
Human, animal and plant-pathogenic RNA viruses are well known for their
capacity to evolve rapidly to adapt to new environments and/or new hosts (28, 123, 124).
Due to rapid RNA virus evolution, which is based on mutations, recombination and
reassortment (20, 70, 96, 123, 124, 156), it is a major challenge to develop long lasting
antiviral methods. Current models propose a central role for the error-prone viral
replicase or RNA-dependent RNA polymerase (RdRp) that introduces mutations at high
frequencies (20, 24, 28, 40, 114, 123, 140) and drives efficient RNA recombination
events (33, 34, 89, 107). Accordingly, high mutations rate (28, 124, 133, 140) and
template-switching type of recombination events were demonstrated both in vivo and in
vitro for several RNA viruses (21, 66, 97).
In addition to the viral replicase and other viral factors, the host could also play
significant role in RNA virus evolution (46, 53, 55, 75, 128, 145). Dissecting the role of
the hosts in affecting virus evolution, however, turns out to be a major challenge. The use
of yeast as a model host for virus evolution has recently yielded new insights into the role
of individual host genes to viral RNA recombination. A systematic genome wide screen
of single gene knock out library of yeast (YKO) for recombination of tombusvirus RNA
identified 9 host genes, whose deletions either suppressed or promoted viral
recombination in vivo (Serviene, personal communication). One of the identified genes
was XRN1, a 5’-3’ exoribonuclease, which was also found to be involved in viral RNA
degradation (Chapter IV). These observations suggested that a host gene might be
directly involved in virus RNA recombination by affecting the amount of available RNA
substrates for RNA recombination (Chapter IV).
Tombusviruses are small RNA viruses of plants, which replicate rapidly in
infected cells with the help of the viral replicase, containing p33 and p92 viral replicase
proteins and unidentified host factors (155). A small tombusvirus replicon RNA, based
103
on defective interfering RNA, replicates efficiently in yeast co-expressing p33 and p92
replication proteins (102, 108). Replication of the replicon RNA in yeast requires the
same cis-acting RNA elements and viral protein factors as in host plants (102, 108),
suggesting that host factors utilized by tombusviruses in yeast should be similar to host
factors used in Nicotiana benthamiana. Based on this assumption, we have tested the role
of XRN4 gene, which is known to have similar function in Arabidopsis to XRN1 in yeast
(62, 138). Over expression of AtXRN4 in N. benthamiana, followed by superinfection
with full-length (wt) Cucumber necrosis virus (CNV), resulted in the rapid emergence of
mutant CNV RNAs. Various lengths of 5’ sequences were deleted from the CNV
genomic (g)RNA and subgenomic (sg)RNA1. Several of the newly emerged CNV
variants were infectious in N. benthamiana protoplasts and one mutant was infectious in
N. benthamiana plant. The latter mutant invaded the plants systemically and caused mild
symptoms on uninoculated leaves. Altogether, this paper demonstrates for the first time
that a host gene can directly and rapidly affect the evolution of an RNA virus.
RESULTS
Rationale: A systematic genome-wide screen for effect of host genes on viral RNA
recombination has led to the identification of XRN1 5’-3’ exoribonuclease, as one of 9
host genes involved (Serviene et al., personal communication). Whereas expression of
Xrn1p in xrn1D yeast suppressed tombusvirus recombination, over expression of Xrn1p
in the parental yeast strain led to reduced accumulation level of the tombusvirus replicon
RNA (Chapter IV). Altogether, the above works in yeast supported an important role for
XRN1 in tombusvirus recombination and viral RNA degradation. Encouraged by these
observations, we wanted to learn if XRN4, a cytoplasmic 5’-3’ exoribonuclease with
similar functions in Arabidopsis to XRN1  in yeast (60, 62, 138), could affect the
accumulation and/or evolution of the full-length, infectious tombusvirus in plants.
Over expression of AtXrn4p in N. benthamiana leads to rapid evolution of CNV
gRNA. To test the effect of Xrn4p on the accumulation and/or evolution of the full-
length, infectious tombusvirus, we over expressed AtXrn4p in N. benthamiana plants
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from the 35S promoter-carrying plasmid introduced by standard Agrobacterium-based
infiltration method (62, 138). Two days afterwards, we superinfected the agro-infiltrated
leaves with full-length CNV gRNA transcripts (Fig 5.1A). Progression of CNV infections
was monitored by isolation of total RNA and Northern blotting three and six days after
superinfection (Fig 5.1B). These experiments revealed that six plants over expressing
AtXrn1p showed decreased amounts of CNV RNAs. More importantly, the CNV gRNA
from AtXrn1p-expressing plants migrated faster in agarose gels than the full-length
gRNA (Fig 5.1B), suggesting that sequence deletion might have occurred. In addition, a
less abundant, smaller gRNA was also detected in three samples (Fig 5.1B). Surprisingly,
sgRNA1 from AtXrn1p-expressing plants also migrated faster than expected (Fig 5.1B),
whereas sgRNA2 had the expected wt size. The above observations are in contrast with
those found in the control samples (infiltrated with water or with Agrobacterium) that
contained the expected wt-sized CNV RNAs (Fig 5.1B). Also, over-expression of Rny1p,
a yeast endoribonuclease, from 35S promoter, had no detectable effect on CNV
replication (Fig 5.1B).
Diversity of CNV-derived RNAs was even more pronounced in samples taken 6
days after superinfection (Fig 5.1C), suggesting that tombusvirus evolution takes place
rapidly in plants overexpressing AtXrn4p. To determine the changes in CNV-derived
RNAs, we performed 5’ RACE using total RNA extracts as well as gel isolated CNV
RNAs. Sequencing of the cloned cDNA products revealed that deletions of 2-321 nt
resulted in truncations at the 5’ end of gCNV (Table 1). Most of the obtained clones
contained unique 5’ sequences, suggesting that a population of CNV derivatives
coexisted in plant expressing AtXrn4p (Table 1). Surprisingly, we detected only one full-
length gCNV RNA among the 20 sequenced cDNA clones (Table 1). The 5’ sequences in
sgRNA1 were also varied greatly. Altogether, these findings suggest that AtXrn1p
promotes rapid evolution of CNV RNA in plants by facilitating 5’ deletions (see
Discussion).
Some of the newly generated CNV gRNA derivatives are infectious in N.
benthamiana protoplasts. To test if the newly identified CNV gRNA-derivatives with
5’ truncations are infectious or they only represent partially degraded viral RNA
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products, we constructed six clones that represented the new gRNAs (Table 1). Three of
the clones had deletions within the 5’ UTR (see constructs D27, D33 and D138, Fig 5.2),
whereas the additional clones (see construct D171, Fig 5.2, and not shown), had longer 5’
truncations that removed the entire 5’ UTR plus coding sequences from the p33 gene (Fig
5.1A). The T7 transcribed CNV constructs were separately electroporated to N.
benthamiana protoplasts to test for replication (Fig 5.2). These experiments revealed that
constructs D27, D33 and D138 replicated at detectable levels, whereas constructs D171
(Fig 5.2), D248 and D285 (not shown) did not replicate. However, the levels of
replication of constructs D27 and D33 were less than 10% of that of the full-length CNV
(Fig 5.2). The best replicating construct was D138, which produced abundant amount of
sgRNA2, but it was deficient in replication of gRNA and sgRNA1 (~5%). Longer
incubation of protoplasts (40 hours samples, Fig 5.2, bottom) resulted in the occurrence
of new, shorter CNV gRNA species in infections with D138 (Fig 5.2), suggesting
continued evolution of CNV in these cells. Interestingly, novel short RNAs accumulated
efficiently in infections with constructs D27, D33 and D138 (Fig 5.2).
One of the newly generated CNV gRNA derivatives is infectious to N. benthamiana
plants. To test if construct D138 could also infect N. benthamiana plants, we inoculated
leaves with T7 transcribed D138 RNAs. Total RNA extracts obtained from inoculated
and uninoculated leaves 6 days after infection revealed the presence of the expected sized
D138 RNA (not shown). Primer extension analysis performed on the isolated RNA
revealed that D138 RNA was able to infect N. benthamiana plants systemically and it
accumulated to ~5% of that of the full-length CNV (Fig 5.3). Characteristic yellow
stripes and spots appeared on leaves infected systemically with D138 RNA (Fig 5.4),
demonstrating that D138 RNA has attenuated phenotype when compared to the full-
length CNV gRNA causing lethal necrosis (not shown).
Because D138 has reduced level of sgRNA1 production (see Fig 5.2), we also
checked the amount of coat protein (CP) expressed from sgRNA1. Indeed, CP production
by d138 RNA was less than 10% obtained in infections with the full-length CNV RNA
(Fig 5.3A, bottom). The low amount of CP production by D138 RNA could be one factor
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leading to reduced D138 RNA accumulation and less efficient viral movement in whole
plants (see Discussion).
Altogether, the above findings demonstrated that some of the newly emerged CNV
derivatives from plants expressing AtXrn4p could be infectious, are able to spread in
plants and cause symptoms which are different from the more aggressive full-length
CNV.
DISCUSSION
   RNA viruses are intracellular pathogens that depend on many host factors for
their replication and spread (2). Due to the dependence on host factors, host genes might
also affect the evolution of RNA viruses. This model was confirmed in this paper based
on rapid evolution of CNV gRNA in plants transiently expressing AtXrn4p. Population
of CNV gRNAs with various 5’ truncations emerged only in those leaves which
expressed AtXrn4p, suggesting that the 5’-3’ exoribonuclease activity directly affected
CNV RNA accumulation and evolution. In addition to emergence of gRNA population,
5’truncations were also observed with sgRNA1, but not with sgRNA2. The reason for
this selective effect only on gRNA and sgRNA1 is currently unknown. It is possible that
the 5’ end of sgRNA2 is somewhat less sensitive to degradation than the 5’ ends of
gRNA and sgRNA2. Indeed, the activity of the similar yeast Xrn1p is inhibited by a cap
structure or stable secondary structural elements (60, 109). Altogether, these findings
firmly establish that a single host gene can directly affect RNA virus evolution. The rapid
emergence of new CNV RNA variants in plant leaves illustrate that RNA virus evolution
can occur quickly in single leaves even in the presence of the full-length CNV RNA
carrying wt replicase genes and cis-acting sequences.
Cloning several of the newly emerged CNV RNAs, followed by inoculations of
plants and protoplasts, demonstrated that three of the six novel RNAs tested were
infectious by themselves (in the absence of a helper virus). Although they produced
reduced amounts of gRNA and sgRNA1, the accumulation of abundant amount of
sgRNA2 clearly demonstrates that these CNV variants replicated in infected cells. This is
because it is well established that production of sgRNAs requires minus-stranded
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templates, which are produced during tombusvirus replication (73). The relatively larger
reduction in the amount of gRNA than in sgRNA2 could be explained by decreased
stability of gRNA in the absence of the wt 5’ end, which forms a T-shape domain (117).
It is also possible that the reduced accumulation of gRNA variants is due to the absence
of the wt plus-strand initiation promoter, which is located at the 3’ terminus of the minus-
strand (104, 105). In the absence of the 3’ terminal promoter, the minus-strand might be
favorably used for production of sgRNA2 than for plus-stranded gRNA and sgRNA1 by
the tombusvirus replicase. Indeed, competition between subgenomic and genomic RNA
synthesis has been recently demonstrated for Brome mosaic virus (45).
One of the cloned novel CNV variants, ∆138, was infectious in plants and it
moved systemically to uninoculated leaves. The symptoms produced by this variant were
attenuated when compared to the wt CNV, which cause necrosis of the young leaves. The
decreased levels of gRNA and sgRNA1 likely reduced expressions of the p33 replication
protein, which is a pathogenecity factor (14), and the CP, thus saving the young leaves
from rapid and lethal invasions from CNV. Nevertheless, our experiments demonstrated
that some of the newly emerged CNV variants from AtXrn4p expressing plants are
infectious and they can potentially invade wt N. benthamiana plants. This is consistent
with a model that after the emergence of new CNV variants, they could spread
horizontally in plants.
The remaining three cloned CNV variants were not infectious in plant protoplasts.
These CNV variants had large 5’ truncations that not only deleted the 5’ UTR, but coding
sequences from the p33 ORF. However, these RNAs might be replicated in trans by
getting the essential p33 and p92 proteins from the infectious variants replicating in the
same cells. This complementation can explain the population of CNV RNAs and the lack
of dominant CNV variants in samples from plant leaves expressing AtXrn4p.
General conclusions: This study establishes for the first time that a single host gene can
directly affect the evolution of an RNA virus. The evolution of the RNA virus was rapid
in the presence of the abundant wt CNV RNA used for inoculation. The newly emerged
CNV variants showed variable properties, demonstrating the power of RNA virus
evolution in creating new RNA genomes.
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MATERIALS AND METHODS
Overexpression of AtXRN4 and yeast RNY1 in Nicotiana benthamiana
Yeast RNY1 gene was amplified from genomic DNA and cloned into pGD plasmid by
using XhoI and BamH1 sites. The plasmid p2196 [a gift from Dr. P. J. Green, (138)]
contains Arabidopsis thaliana XRN4 genomic DNA. The two plasmids were transformed
into agrobacterium C58C1. The procedure for agro-infiltration was as described above.
Two days after agro-infiltration, the infiltrated leaves were inoculated with CNV alone or
co-inoculated with DI RNAs. Total RNAs were isolated from inoculated leaves in
different time points.
5’RACE of the truncated CNV
Truncated CNV RNA was isolated from agarose gel prior 5’RACE. The methods used
for 5’RACE was followed the GC-rich sequences protocol of 5’RACE (Invitrogen) and
the CNV sequence specific primer #871 (CCCGTCTAGAGGCCTCCCTATTTCA
CACCAAGGGA) which anneals to 5’ end of CNV was used to amplify the first strand
cDNA. Second-stand cDNA was synthesized by using 3’ RACE Abridge Anchor Primer.
A nested primer #1614 (GCTAAGCAACGGAATAACTG) and 5’RACE Abridged
Universal Amplification Primer (5’AUAP) were used for first PCR and the second PCR
was done by using the 5’AUAP and primer #1613 (TCTGTCTTGAGA AGTTCAACG).
The resulting products were directly cloned into pGEM T- Easy vector (Promega) and
sequenced by M13 Reverse Primer.
Preparation of CNV 5’truncated constructs
CNV/20Kstop plasmid was used as template to amplify 5’-truncated constructs by primer
157 (TBSV4776/R GGGCTGCATTTCTGCAATGTTCC) and unique primers are listed
below:
D27: #1642 (TAATACGACTCACTATAGGTGGTTGTGTTATCTGGTG ACT).
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D33: #1643 (GTAATACGACTCACTATAGGGTTATCTGGTGACTTGC G).
D138: #1644 (TAATACGACTCACTATAGGAGTAAACGACGACATGG ATAC).
D171: #1645 (TAATACGACTCACTATAGGCTGTGGCCTAAGAAAGAA)
D188: #1646 (TAATACGACTCACTATAGAAATTTTTATTGGCACGTTC)
D248: #1647 (TAATACGACTCACTATAGGAATTAGTGTGTAGGGTTGTG).
D285: #1648 (TAATACGACTCACTATAGAGGGAAAATCGAGAATAACAC).
PCR products were then gel-isolated in order to remove the CNV template. The
gel-isolated PCR products were used for T7 transcription.
Northern Hybridization
Total RNA was analyzed by Northern blot using CNV(-) probe which was amplified by
PCR with primers 16 (T7/CNV/4702R GTAATACGACTCACTATAGGGCTGCATTT
CTGCAATGTTC) and 312 (CNV3'-200/F GCTGTCAGTCTAGTGGA). CNV(-) probe
is capable of detection of genomic, subgenomic RNA1 and 2.
Protoplast Inoculation
As described previously in CHAPTER IV.
Reverse transcription
About 3 mg total RNA isolated from infected N. benthamiana was used for reverse
transcription (RT) with 32P-labeled primer 1613 as described previously in CHAPTER
IV. The RT products were analyzed by 5% denaturing PAGE. CNV and CNV 5’d138
transcripts were used for RT reaction with the same primer as size marker.
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TABLE 5.1 5’ sequences of the newly emerged CNV-derivatives.
---------------------------------------------------------------------
gRNA 5’ sequence                  frequency
---------------------------------------------------------------------
5’ WT             aaAAAUUCUCCAGGAUUU…
5’ D27              gUGGUUGUGUUAUCUGG…
5’ D35  GUUAUCUGGUGAC…
5’ D138 AGUAAACGACGACAUG…
5’ D141 aAAACGACGAaCAUaUAUACCA…
5’ D171 GCUGUGGCCUAA….
5’ D180 (U)AAGAAAGAAAUUUUU…
5’ D188 AAAUUUUUAUUGGCA….
5’ D191 (UUUUU)AUUGGCACGUUCG…. 3x
5’ D248 AAUUAGUGUGUAGGG….
5’ D266 (U)GUUGAGAUACAU…..
5’ D268 (UU)GAGAUACAUGA….
5’ D285 AGGGAAAAUUGAGAA….
5’ D295 GAGAAUAACACUGA……..          2x
5’ D297 GAAUAACACUGACA…
5’ D302 ACACUGACAGUCU…
5’ D321 (UUU)CAUCGUUGAACUU….
-------------------------------------------------------------
sgRNA1
Start site 5’ sequence                 frequency
-------------------------------------------------------------
2897 AAAAGGAUCU…
2973 AACGGGACU…
3060 (G)AUCAGUAC…
3051 (G)CCAACUUU…
3041 AAAUAUUGCC…        2x
3069 AAGUUCAACA…
-------------------------------------------------------------
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Figure 5.1 Rapid emergence of novel CNV RNAs in N. benthamiana plants expressing
AtXrn4p. (A) Schematic representation of the CNV genome with 5’ and 3’ UTRs and
five ORFs. The overlapping replication proteins p33 and p92 are essential for CNV
replication. (B) Agarose gel electrophoresis (top) and Northern blot analysis of total RNA
extracts obtained from agroinfiltrated N. benthamiana leaves three days or six days (C)
after superinfection with the full-length CNV RNA transcripts. W indicates samples
obtained from leaves that were infiltrated with sterile water, whereas AtXRN4 and RNY1
show samples obtained from leaves infiltrated with Agrobacterium carrying plasmids
with either AtXRN4 or the yeast RNY1 genes. The positions of the genomic RNA (g)
and the truncated genomic RNA (gRNAT), sgRNA1 and its truncated derivative
(sgRNA1T) and sgRNA2 are marked. Asterisks denote possible viral RNA degradation
products.
112
                 
Figure 5.2 Replication of cloned novel CNV variants in N. benthamiana protoplasts.
Selected newly emerged CNV variants from plants expressing AtXrn4p (Table 1) were
cloned and transcribed with T7 transcription, followed by electroporation into
protoplasts. Total RNA extracts obtained after 20 hours (top image) or 40 hours (bottom
image) incubation were analyzed by Northern blotting using a probe specific for the 3’
UTR of CNV. See additional details in the legend to Fig 5.1.
113
                                
Figure 5.3 Systemic spread of D138 CNV variant in N. benthamiana plants. Primer
extension analysis with end-labeled primer was performed on total RNA samples
obtained from the inoculated (A) and noninoculated (B) leaves. The expected positions of
full-length CNV and the D138 CNV variant are shown on the right. The image at the
bottom of panel A represents a coomassie-stained SDS-PAGE for detection of CNV CP.
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Figure 5.4 Symptoms caused by ∆138 CNV variant in N. benthamiana plants.
Characteristic symptoms on young (top) and old noninoculated leaves are depicted with
arrows (bottom).
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CHAPTER VI
SUMMARY AND DISCUSSION
RNA recombination is a phenomenon first observed in poliovirus and now it has
been documented for many RNA viruses including human, animal, plant and bacteria.
RNA recombination is not only a major force of virus evolution, but more importantly,
thoroughly evolved virus variants often cause outbreaks of diseases. Therefore,
understanding the mechanism of RNA recombination could lead to longer lasting
antiviral strategies, prevention of emergence of new viruses. Besides, occurrence of RNA
recombination should be minimized in transgenic animals and plants. Nevertheless, due
to the complexity of living cells, it is difficult to study the mechanism of viral RNA
recombination in living cells due to natural selection pressure on the accumulation of
emerged recombinants.
Several in vivo and in vitro systems had been established to study RNA
recombination, including poliovirus, BMV, TCV and HIV. Most evidence favors
replicase-driven template switching mechanism, but there are some data suggesting the
occurrence of breakage-ligation mechanism for Qb phage and poliovirus. Due to
alternative mechanisms and the lack of in vitro assays for tombusviruses to study RNA
recombination in detail, I first developed an in vitro assay with Dr. Pogany for studying
the mechanism of RNA recombination in tombusviruses.
RNA recombination occurs frequently during replication of tombusviruses and
carmoviruses, which are related small plus-sense RNA viruses of plants. The most
common recombinants generated by these viruses are either defective interfering (DI)
RNAs or chimeric satellite RNAs, which are thought to be generated by template-
switching of the viral RNA-dependent RNA polymerase (RdRp) during the viral
replication process. Replicase jumping was postulated to cause multiple deletions leading
to de novo formation of DI RNAs in planta. To test if RNA recombination is mediated by
the viral RdRp, we used either a purified recombinant RdRp of Turnip crinkle carmovirus
or a partially purified RdRp preparation of Cucumber necrosis tombusvirus. We
demonstrated that these RdRp preparations generated RNA recombinants in vitro. The
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RdRp-driven template switching events occurred between either identical templates or
two different RNA templates. The template containing a replication enhancer recombined
more efficiently than templates containing artificial sequences. We also observed that
AU-rich sequences promote recombination more efficiently than GC-rich sequences.
Cloning and sequencing of the generated recombinants revealed that the junction sites
were located frequently at the ends of the templates (end-to-end template switching). We
also found several recombinants that were generated by template switching involving
internal positions in the RNA templates. In contrast, RNA ligation-based RNA
recombination was not detected in vitro. Demonstration of the ability of carmo- and
tombusvirus RdRps to switch RNA templates in vitro supports the copy-choice models of
RNA recombination and DI RNA formation for these viruses.
Subsequently, we further addressed questions regarding the role of the acceptor
RNA during the late step of RNA recombination; this included dissection of sequences
preferred in acceptor RNAs and the role of base pairing between nascent (primer) strand
and acceptor RNA. Based on these results, we established that the tombusvirus RdRp was
capable of primer extension without the need for sequence complementarity between the
primer and the acceptor template in vitro, although the most efficient primer extension
was obtained with primers forming a 5-bp duplex with the acceptor region. Primers
forming 14- to 20-bp duplexes with the acceptor region were used less efficiently by the
tombusvirus RdRp in vitro. In addition, primers with 3’ noncomplementary nucleotides
were also extended by the tombusvirus RdRp, albeit with a reduced efficiency. The
preference of the tombusvirus RdRp for short base-paired primers in vitro is consistent
with the lack of extended sequence similarities at the junction sites in the de novo
generated tombusvirus-associated DI RNAs. The in vitro experiments also revealed that
the acceptor region plays a significant role in primer extension. Comparison of
tombusvirus-derived, heterologous and artificial acceptor regions revealed that the
conserved regions present in DI RNAs are the best acceptor regions when they are
available in the minus-strand orientation. These data suggest that recombination/ deletion
events may be more frequent at some regions, rather than occurring randomly throughout
the parental genome. In addition, these findings support a model that predicts a higher
frequency of replicase jumping, i.e., recombination/deletion events, during plus-strand
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synthesis than during minus-strand synthesis.
In addition to the viral replicase and the viral RNAs, host genes could potentially
play major roles in RNA recombination. However, the roles of host genes in RNA
recombination are unknown. Therefore, we performed a systematic genome-wide screen
in yeast using single-gene deletion library, which led to the identification of host genes
either suppressing or enhancing RNA recombination in tombusviruses. The identified
host genes included XRN1, a 5’-3’ exoribonuclease, whose absence enhanced viral RNA
recombination over ~50-fold. We found abundant partially degraded viral RNAs in xrn1D
yeast, which served efficiently as recombination substrates. Electroporation of these
partial viral RNAs also enhanced viral recombination in plant protoplasts. Whereas the
full-length replicon RNA was somewhat resistant against Xrn1p, the partially degraded
replicon RNAs were rapidly removed by Xrn1p in vivo and in vitro. In addition, we
observed that Ngl2p endoribonuclease cleaved the viral replicon RNA both in vivo and in
vitro. This led to a model that degradation of tombusviral replicon RNA is initiated by
Ngl2p, followed by complete degradation by Xrn1p, which then reduces the chance for
recombination to occur. In the absence of Xrn1p, however, the partially degraded
replicon RNAs can promote efficient viral recombination. Altogether, we establish for
the first time that host ribonucleases and the host-mediated viral RNA turnover play
major roles in RNA virus recombination and evolution.
To analyze if host genes in plants, similar to yeast, could also affect tombusvirus
recombination/evolution, we initiated studies in N. benthamiana. To this end, we tested
the effect of AtXRN4, which has similar function in Arabidopsis to XRN1 in yeast. First,
we overexpressed AtXrn4p in Nicotiana benthamiana, followed by superinfection with
the wild type Cucumber necrosis virus (CNV). We observed rapid evolution of the wt
CNV via deletions of 5’ terminal sequences in the genomic RNA and subgenomic RNA1.
Several of the newly emerging CNV variants were infectious in N. benthamiana
protoplasts, whereas one variant caused novel symptoms and moved systemically in N.
benthamiana plants. Altogether, our data firmly establishes that a single plant gene could
drive rapid evolution of wt CNV. The newly emerged CNV variants showed variable
properties, demonstrating the power of RNA virus evolution in creating new RNA
genomes.
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